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ABSTRACT
The u n p r e d i c t a b l e  f a i l u r e  of  s o ld e r e d  c o n n e c t io n s  to  g o ld  p l a t e d  p r i n t e d  
c i r c u i t  boards  has  caused widespread concern  i n  the  e l e c t r o n i c s  
i n d u s t r y  as to  th e  s u i t a b i l i t y  of go ld  as a m a t e r i a l  f o r  the p r o t e c t i o n  
of d e l i c a t e  c i r c u i t r y  from c o r r o s i o n .  A c c o rd in g l y , t h i s  s tu d y  was u n d e r ­
t a k e n  of the  m e t a l l u r g i c a l  r e a c t i o n s  o c c u r r i n g  between gold  and l e a d -  
t i n  s o l d e r , and the e f f e c t s  of  th e s e  r e a c t i o n s  upon th e  i n t e g r i t y  of 
s o ld e r e d  j o i n t s  between go ld  s u r f a c e s .
The t h r e e  a s p e c t s  of the  i n v e s t i g a t i o n  were:
(a)  A s tudy  of  the e f f e c t  of  t e m p e ra tu re  upon the  d i s s o l u t i o n  r a r e  of 
gold i n  m o l ten  l e a d - t i n  s o l d e r .
(b) The i d e n t i f i c a t i o n  of compounds which formed d u r in g  s o l d e r i n g  and 
ageing of th e  j o i n t s .
(c)  The measurement of  the  shea r  s t r e n g t h s  of  s o ld e red  j o i n t s  between 
bo th  bu lk  g o ld  and go ld  p la t e d  s u r f a c e s .
The d i s s o l u t i o n  r< te  of  gold in  m ol ten  s o l d e r  was de te rm in e d  by 
d ip p i n g  a weighed gold  p l a t e  i n t o  a s o l d e r  b a t h  f o r  a c e r t a i n  t i m e , 
removing i t  and d i s s o l v i n g  away th e  adhe re n t  s o l d e r  i n  a c i d , p r i o r  to 
re -w e ig h in g  the  p l a t e .  D i s s o l u t i o n  r a t e  cu rves  were o b ta in e d  f o r  v a r i o u s  
t e m p e r a t u r e s ,  and the  method was ex tended to  s tudy  th e  e f f e c t  of small  
a d d i t i o n s  of n i c k e l  to  th e  g o l d ,  to  reduce  t h e  d i s s o l u t i o n  r a t e .
The compound i d e n t i f i c a t i o n  was ach ieved by exam ina t ion  of the 
s t r u c t u r e s  o b ta in e d  when gold  and s o l d e r  and gold  and pure t i n  were 
r e a c t e d  t o g e t h e r .  M ic ro s c o p ic ,  X-ray  d i f f r a c t i o n  and e l e c t r o n  m icroprobe  
methods  were used to  d i s t i n g u i s h  between the  v a r i o u s  i n t e r m e t a l l i c  
compounds fo rmed .
Soldered lap  j o i n t s  wore c o n s t r u c t e d  u s in g  bulk  go ld  samples and 
go ld  p l a t e d  s u r f a c e s  t y p i c a l  of th o se  used com merc ia l ly .  The shear  
s t r e n g t h s  of the j o i n t s  were measured and the  f r a c t u r e  s u r f a c e s  were
s tu d i e d  u s i n g  o p t i c a l  and scanning  e l e c t r o n  m i c ro s c o p y . The v a r i a b l e s  
s tu d ie d  were s o l d e r i n g  t e m p e r a t u r e ,  t ime of  ageing a t  100 C a f t e r  
s o l d e r i n g ,  t h i c k n e s s  and type  of  go ld  p l a t e  and the e f f e c t  of  n i c k e l  
s u b s t r a t e .
The d i s s o l u t i o n  of f i n e  go ld  i n  m o l te n  l e a d - t i n  s o l d e r  was found 
to  be r a p i d  and ex t re m e ly  t e m p e ra tu r e  d e p e n d e n t . The a d d i t i o n  of  f i v e  
per  cen t  n i c k e l  to  the  go ld  d e c re a s e d  t h e  d i s s o l u t i o n  r a t e  m a r k e d ly .
The t h r e e  i n t e r m e t a l l i c  compounds AuSn^, AuSn^ and AuSn formed d u r in g  
s o l d e r i n g ,  and a d u p le x  AuSn^/AuSn^ l a y e r  was p r e s e n t  a t  the  g o l d / s o l d e r  
i n t e r f a c e .  Growth of  the  compounds was observed  d u r in g  ageing  a t  100 C 
a f t e r  s o l d e r i n g .
The shear  s t r e n g t h s  of th e  s o l d e r  lap  j o i n t s  d e c r e a se d  marked ly  on 
ageing  a t  100°C, due  to  g rowth  of the  i n t e r m e t a l l i c  compounds in  the 
j o i n t .  In the case  of  the go ld  p l a t e d  j o i n t s ,  the p r e s e n c e  of  a t h i c k  
g o ld  p l a t e  and/or  a n i c k e l  s u b s t r a t e  d e c re a s e d  the  s t r e n g t h  of the  j o i n t s .  
S o lde r ing  to  gold  p l a t e  from an acid  cyan ide  b a t h  r e s u l t e d  i n  
u n a c c e p ta b l y  low s t r e n g t h  j o i n t s .
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INTRODUCTION
The m a nufa c tu re  of e l e c t r o n i c  equipment a cc o u n ts  f o r  a s i g n i f i c a n t  
p r o p o r t i o n  of  the  go ld  used f o r  i n d u s t r i a l  p u r p o s e s .  The r ap id  
developments  in  t h i s  f i e l d  over  the  l a s t  t h r e e  deca des  have g iv e n  r i s e  
to  many a p p l i c a t i o n s  f o r  which g o l d ,  w i th  i t s  r a t h e r  un ique  p r o p e r t i e s ,  
i s  the  on ly  p r a c t i c a l  and economic m a t e r i a l .  U n f o r t u n a t e l y  t h i s  same 
r a p id  expans ion  has meant  t h a t  p r a c t i c a l  c o n s i d e r a t i o n s  have been g iv e n  
pr im ary  em phasis ,  v.hi le the s c i e n t i f i c  a s p e c t s  have been somewhat 
n e g l e c t e d . Th is  i n v e s t i g a t i o n ,  under  the  s p o n s o r s h ip  of  the  Chamber of  
Mines of South  A f r i c a  as a p a r t  of the  programme on the  promot ion of the  
i n d u s t r i a l  u s e  of g o l d , has been c a r r i e d  out  in  an a t t e m p t  to  i d e n t i f y  
and e x p l a i n  the  m e t a l l u r g i c a l  cause-  of  a phenomenon which i s  caus ing  
widespread  d i s s a t i s f a c t i o n  w i th  the  u s e  of gold i n  the  m a n u fa c tu re  of 
p r in t e d  c i r c u i t  b o a rd s .
The p r o p e r t i e s  of  gold  whicn a r e  of  im por tance  i n  the  e l e c t r o n i c s  
i n d u s t r y  a r c  i t s  n o b i l i t y ,  s o l d e r a b i l i t y , e a s e  of  d e p o s i t i o n  on to  
complex s h a p e s , low c o n t a c t  r e s i s t a n c e ,  good e l e c t r i c a l  and the rm al 
c o n d u c t i v i t y  and the p r o t e c t i o n  i t  a f f o r d s  to  the  u n d e r l y i n g  m e ta l  
when a p p l ied  in  v e ry  t h i n  e l c c t r o d e p u s i  ted l a y e r s . The v a r i o u s  u s e s  to  
which i t  i s  pu t  in c lu d e  edge c o n n e c to r s  on p r i n t e d  c i r c u i t  h o a r d s ,  t h i n  
f i l m  c o n d u c t o r s , s l i d i n g  c o n t a c t s , beam l e a d s ,  s u b s t r a t e s  to  which 
s i l i c o n  and germanium sem iconduc to rs  ran  be s o ld e re d  d i r e c t l y  and 
g o l d - p l a t e d  p r i n t e d  c i r c u i t  boards .
A p r in t e d  c i r c u i t  c o n s i s t s  b a s i c a l l y  of a m e t a l l i c  network to  which 
the  v a r i o u s  d e v i c e s  compris ing  the  c i r c u i t  a r c  a t t a c h e d  by s o ld e re d  
l e a d s .  While copper i s  normal ly  u s e d ,  a wide range  of m e t a l s ,  such as 
i r o n  and n i c k e l ,  can be employed.  S o ld e r in g  t o  t h i s  metal  s u b s t r a t e  
i s  d i f f i c u l t ,  r e q u i r i n g  powerful  f l u x e s  which a r e  d i f f i c u l t  t o  remove 
conn t e l y  and a re  h ig h l y  c o r r o s i v e .  For t h i s  r e a s o n  a go ld  l a y e r  i s
2p l a t e d  onto the  s u b s t r a t e  in  o rd e r  to  g i v e  a n o n - t a r n i s h i r g , e a s i l y  
s o I d e r a b l e  s u r f a c e  which can be s to r e d  f o r  long p e r i o d s  b e f o r e  c o n s t r u c t i o n  
of  th e  c i r c u i t .  A l e a d / t i n  s o l d e r  of e u t e c t i c  c o m p o s i t io n  i s  normal ly  
used  and because  gold  i s  r e a d i l y  wetted  by t h i s  m a t e r i a l , a m i l d , non- 
c o r r o s i v e  r e s i n  f l u x  can be employed.  The c i r c u i t s  a r c  f i n a l l y  assembled 
to  produce  a wide v a r i e t y  of e l e c t r o n i c  equipment,  compute rs  be ing th e  
most  common ixampl e.
Obvious ly ,  the  r e l i a b i l i t y  o f  the  s o ld e red  c o n n e c t io n s  i s  of  ex treme 
im por tance  s i n c e  most of  the c i r c u i t s  a re  s o ld e re d  a u t o m a t i c a l l y  and 
many . the j o i n t s  a r e  s o - c a l l e d  'dovur I h c - h o l e ' j o i n t s  where v i s u a l  
i n s p e c t i o n  i s  d i f f i c u l t .  The c i r c u i t s  a r e  t e s t e d  b e f o r e  assembly but  
i f  the  p r o p e r t i e s  of  the  j o i n t  shou ld  d e t e r i o r a t e  d u r i n g  o p e r a t i o n  of 
th e  com puter , m a l f u n c t i o n s  which a r e  c o s t l y  and d i f f i c u l t  t o  t r a c e  w i l l  
o c c u r .  Many c a s e s  have a r i s e n  where s o ld e re d  c o n n e c t io n s  t o  g o l d - p l a t e d  
pr in  ted c i r c u i t  b o a r d s , which have adequa te  s t r e n g t h  im media te ly  a f t e r  
s o l d e r i n g ,  a r e  found to  have s e p a r a t e d  under l i t t l e  o r  no a p p l i e d  s t r e s s  
a f t e r  o p e r a t in g  f o r  s e v e r a l  months,  u s u a l l y  i n  an a r e a  of the  computer 
where the  ambien t  t e m p era tu re  i s  f a i r l y  h ig h .  While i t  was known t h a t  
gold  and t i n  r e a c t  to  form a s e r i e s  of i n t e r m e t a l l i c .  compounds,  and 
t h a t  the  p resence  of  such compounds in  a j o i n t  i s  n o rm a l ly  d e t r i m e n t a l  
to th e  s t r e n g t h  of the j o i n t ,  i t  was presumably  th o u g h t  t h a t  i f  the 
a s - s o l d e r e d  s t r e n g t h  was a d e q u a te ,  there, would be no d e t e r i o r a t i o n  of 
the  bond. U n f o r t u n a t e l y ,  t h i s  was found n o t  to  be t h e  " i s o , and t h i s  
led t o  the  s u g g e s t io n  t h a t  c e r t a i n  m e t a l l u r g i c a l  changes  which reduce 
th e  j o i n t  s t r e n g t h  were t a k in g  p l a c e ,  even though th e  o p e r a t i n g  tempera­
t u r e  was r e l a t i v e l y  low. A c c o r d in g l y , t h i s  i n v e s t i g a t i o n  was u n d e r ta k en  
i n  an a t tem p t  t o  d e t e rm in e  the n a t u r e  of th e s e  c h a n g e s , and i f  p o s s i b l e  
to  e s t a b l i s h  a p rocedu re  by which t f v  • m b r i t t l e m e n t  of  s o ld e r e d  j o i n t s  
on to  gold could be p reven ted  o r  minim ised .  During th e  course  of  the
i n v e s t i g a t i o n ,  th e  fo l l o w in g  f i e l d s  have been s t u d i e d :
1.  The k i n e t i c s  of the d i s s o l u t i o n  of go ld  i n  m o l ten  l e a d / t i n  s o l d e r .
2.  The i d e n t i f i c a t i o n  of the  v a r i o u s  5r t e r m e t a l l i c  compounds which 
form dur ing  s o l d e r i n g ,  and the  c o r r e l a t i o n  w i th  t h e  Au -  Pb -  Sn
e q u i l i b r i u m  d iag ra m  of the  s t r u c t u r e s  p ro d u c e d .
3 .  The growth  of  th e  i n t e r m e t a l l i c  compounds d u r in g  the  ageing of 
j o i n t s  a t  t e m p e r a t u r e s  encounte red  in  normal o p e r a t i o n .
4.  The t e n s i l e  p r o p e r t i e s  of g o l d - s o l d e r  j o i n t s  i n  b o th  the  a s - s o l d e r
c o n d i t i o n  and a f t e r  age ing  f o r  long p e r i o d s .
5.  The a d d i t i o n  of  a l l o y i n g  e lements  t o  the  go ld  in  o rd e r  to  reduce 
d i s s o l u t i o n  and the  fo rm a t io n  of i n t e r m e t a l l i c  compounds.
6.  The e f f e c t  of the  v a r i o u s  d i f f e r e n t  type s  of  go ld  e l e c t r o p l a t e  in  
commercial  u s e .
42.  LITERATURE SURVEY
^ '* Sl u d i e s  R e la t i n g  to  the  S e p a r a t io n  ot So ldered  C onnec t ions  . rom 
Gold P la t ed  S u b s t r a t e s  
The f i r s t  of t h e s e  i n v e s t i g a t i o n s  was c a r r i e d  o a t  i n  1963 by Harding 
and P r e s s l y  . The s tudy  covered both  the  weakness  of s o ld e r e d  j o i n t s  
and the  f a i l u r e  of s o ld e r  to  wet the  gold  p l a t e .  In the f i r s t  c a s e , 
s o ld e r e d  lap  j o i n t s  were made up between g o l d - p l a t e d  copper p a n e l s  as  
in  th e  d iagram below.
1 - 1 / 2
1 - 1 /2
1 /2
1,0C4'' WIRt SHIMS
3/S
ASSEMBLED LAP SHEAR TEST SPECIMEN.
A s tudy  was made of the  e f f e c t s  of g o l d - p l a t i n g  p r o c e s s ,  t h i c k n e s s  
of g o ld  p l a t e ,  s o l d e r i n g  te m pera tu re  and t ime a t  s o l d e r i n g  t e m p e ra tu re  
upon the  shear s t r e n g t h  of th e se  j o i n t s ,  T h i r t e e n  types  of g o ld  p l a t e  
were chosen ,  and th e se  in c luded  pure go ld  (99,9%) and v a r i o u s  a l l o y  
g o ld s  ( c o n ta in in g  Co, Ni or  Ag) both  w i th  and w i th o u t  o rg a n ic  b r i g h t e n e r s .  
Each type  of g o ld  p l a t e  was a v a i l a b l e  in  a ran g e  of  t h i c k n e s s e s  from 
0 ,25  to / ,  5 m i c r o n s , and the  j o i n t s  were s o ld e re d  a t  v a r i o u s  t e m p e ra tu r e s  
in the  range  18H to  288°C. S o ld e r in g  t imes  were 5,  15 and 120 seconds  and 
only  s o l d e r  of the  e u t e c t i c  com posi t ion  (637 Sn, 37% }»b by w e igh t )  was 
u s e d .  A f te r  the shear s t r e n g t h  of each j o i n t  had been d e t e r m in e d ,  the
5j o i n t s  were examined m i c r o s c o p i c a l l y  to  de te rm ine  th e  m e t a l l u r g i c a l
s t r u c t u r e  of the  s o l d e r  and the  l o c a t i o n  and n a t u r e  of  the  f r a c t u r e .
The r e s u l t s  of t h i s  p a r t  of the  i n v e s t i g a t i o n  can be summarised as
f o l l o w s :
1. The shear  s t r e n g t h  v a r i e d  w id e ly ,  a cco rd ing  t o  th e  type  o f  go ld  
p l a t i n g ,  t h i c k n e s s  of  gold  and r o l d e r i n g  t e m p e ra tu r e .
2. The pure  go ld  p l a t e s  showed a marked d e c r e a s e  i n  s t r e n g t h  w i th  
i n c r e a s i n g  go ld  t h i c x n e s s  and s o l d e r i n g  te m p e ra tu r e .
3. An i n c r e a s e  in  s o l d e r i n g  time produced a d e c r e a s e  in  j o i n t ,  s t r e n g t h ,  
a l th o u g h  t h i s  e f f e c t  was n o t  a t  marked as i n  2 aboce .
4. The a l l o y  g o ld s  g e n e r a l l y  gave i o w r  s t r e n g t h s  than  the  p u re  gold  
p l a t e s ,  and th e  p re s e n c e  of  o r g a n ic  a r ig h t ,  oers  had l i t t l  - no 
e f f e c t .
5. S ev e ra l  of the a l l o y  g o ld s  showed an i n i t i a l  d e c r e a s e  fo l l o w e d  by an 
i n c r e a s e  i n  s t r e n g t h  as the s o l d e r i n g  t e m p e r a t u r e  i n c r e a s e d .
6. Strong j o i n t s  produced d u c t i l e ,  f i n e  g r a i n e d  f r a c t u r e  s u r f a c e s ,  w h i le  
weak j o i n t s  e x h i b i t e d  a c o a r s e ,  c r y s t a l 1> ne s u r f a c e .
7 .  With the  t h i c k e r  a l l o y  go ld  p l a t  s ,  a d e w e t t in g  e f f e c t  by which the 
s o ld e r  i n i t i a l l y  spread  over the  g o l d , but  then  could  n o t  wet the 
g o l d / s o l d e r  a l l o y  fo rmed ,  was a p p a r e n t .
8.  High go ld  t h i c k n e s s e s  and s o ld e r i n g  t e m p e r a t u r e s  r e s u l t e d  in  f r a c ­
t u r e s  a t  the  s o l d e r / s u b s t r a t e  i n t e r f a c e .
9. M ic roscop ic  exam ina t ion  of the  f r a c t u r e d  j o i n t s  r e v e a l e d  t h a t  a t  
th e  lower p l a t e  t h i c k n e s s ,  a l l  the gold  d i s s o l v e d  to form white  
c r y s t a l s  in  t h e  s o l d e r , while  at  h ig h e r  t h i c k n e s s e s  some r e s i d u a l  
go ld  rem a ined .  In t h i s  case  a white  a l l o y  l a y e r  was obse rved  
a d j a c e n t  to  the  g o l d ,  w i th  f ine,  a c i c u l a r  c r y s t a l s  e x t e n d in g  pe rpen­
d i c u l a r l y  from t h i s  l a y e r  i n t o  the s o l d e r .  The amount o f  gold  which 
d i s s o l v e d  and then  p r e c i p i t a t e d  in  the  bulk  of the  s o ld e r  .e white
6c r y s t a l s  of compound, was found to  i n c r e a s e  w i th  s o l d e r i n g  t e m p e r a t u r e .  
The w e t t a b i l i t y  of the v a r i o u s  type s  of  gold p l a t e  was s t u d i e d  by 
measur ing  the  e x t e n t  to  which s o ld e r  sp read  over a h e a t e d ,  f l u x e d ,  g o l d -  
p l a t e d  t e s t  p a n e l .  I t  was found t h a t  a l l  t h e  gold d e p o s i t s  were s u p e r i o r  
to  pure  copper in  t h i s  r e s p e c t  and t h a t  the  p u re  g o ld  d e p o s i t s  were 
somewhat more r e a d i l y  w etted  th a r  the a l l o y  o n e s . The t h i n  g o ld  p l a t e s  
were s l i g h t l y  more r e a d i l y  w ett ed  than  the t h i c k  ones and i t  was noted  
t h a t  i f  the  g o l d - p l a t e d  panel  was he ld  a t  t e m p e ra tu r e  f o r  long enough,  
the  s o l d e r  would e v e n t u a l l y  draw back from the go ld  s u r f a c e .
The fo l l o w in g  c o n c l u s i o n s  were r eached  by th e  i n v e s t i g a t o r s :
1.  Th in ,  pure  gold  p l a t e  ( l e s s  than  1,25 m ic ro n s )  and v e ry  t h i n ,  a l l o y
gold  p l a t e  ( l e s s  than 0 ,25  micr< ’s )  d i s s o l v e  r e a d i l y  i n  l e a d - l i n
s o l d e r  and do n o t  weaken j o i n t s  m e a s u r a b l y .
2. Thick go ld  p l a t e  d i s s o l v e s  i n  the  s o l d e r  b u t  d e c r e a s e s  t h e  s t r e n g t h  
o f  the  j o i n t .
3.  A l o s s  of s t r e n g t h  w i l l  be caused by any f a c t o r  which i n c r e a s e s  the
amouiic of gold  i n  the j o i n t  e . g .  a t h i c k  g o ld  p l a t e ,  a h ig h  s o l d e r i n g
t e m p e ra tu re  o r  a long s o l d e r i n g  t im e .
4 .  A l loys  of  the Au -  Sn -  Pb System a r e  weaker than  e u t e c t i c  l e a d - t i n
s o l d e r  because Of the fo rm a t io n  of l a r g e ,  b r i t t l e ,  a c i c u l a r  c r y s t a l s
of AuSn, in  the  s o l d e r .4
5.  Alloy g o ld s  c o n t a in in g  n i c k e l ,  c o b a l t  or  s i l  er undergo a phenomenon
whereby the s o l d e r  i n i t i a l l y  wets the gold  IxiL th e n  draws back l e a v in g
r i d g e s  on the  s u r f a c e .
F i n a l l y  i t  was recommended t h a t  t h i c k  go Id p l a t i n g  should be avoided 
when s t r e n g t h  i s  i m p o r t a n t , t h a t  pure go ld  p l a t e  should be s e l e c t e d  and 
t h a t  the s o ld e r i n g  o p e r a t i o n  should be c l o s e l y  c o n t r o l l e d  to  minim ise  
s o l d e r i n g  time and t e m p e ra t u r e .
While the  above i n v e s t i g a t i o n  c o n s t i t u t e s  a v a l u a b l e  and comprehen­
s i v e  s tu d y ,  i t  i s  f e l t  t h a t  c e r t a i n  a s p e c t s  of  th e  problem were n e g l e c t e d .
No a t t e m p t  was made to  i d e n t i f y  the  v a r i o u s  i n t e r m e t a l l i c  compounds 
formed in  t h e  j o i n t  and no work was done on the  e f f e c t  of ageing  the  
j o i n t s  a t  t e m p e ra tu r e s  t y p i c a l  oJ those  encounte red  d u r in g  o p e r a t i o n  
i n  a com pu te r , f o r  example.  The recommendation t h a t  the gold l a y e r  be 
k ep t  v e ry  t h i n  i s  of  d o u b t f u l  v a l u e ,  s i n c e  d i f f u s i o n  of the  s u b s t r a t e  
m a t e r i a l  to the s u r f a c e  can occur  d u r i n g  s t o r a g e  b e f o r e  s o l d e r i n g ,  thus
r e d u c i n g  the  s o l d e r a b i l i t y  of  the gold  p l a t e .
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F o s t e r  was ano the r  of the  e a r l y  i n v e s t i g a t o r s  i n  t h i s  f i e l d .  He 
found t h a t  the  r e a c t i o n  between gold  p l a t e  and mol ten  s o l d e r  was 
a lm os t  i n s t a n t a n e o u s ,  d i s s o l v i n g  the e n t i r e  go ld  c o a t i n g  and forming  a 
s t i f f , e a s i l y  f r a c t u r e d  a l l o y .  M ic roscop ic  exam ina t ion  r e v e a l e d  whi te  
c r y s t a l s  and f r a c t u r e d  n e e d le s  of a b r i t t l e  i n t e r m e t a l l i c  compound. 
A l lo y s  c o n t a i n i n g  5,  1.0 and 15% gold  i n  t i n  and i n  lead  were c a s t  i n t o  
e l o n g a te d  i n g o t s  and th e s e  were submit ted  to  a bend t e s t .  The a l l o y s  
c o n t a i n i n g  10 and 15% gold  were a l l  so b r i t t l e  t h a t  they f r a c t u r e d  with  
no a p p a re n t  b e n d in g . T erna ry  a l l o y s  were then  made up w i th  60% Sn -  
40% Pb and g o ld  in  v a r i o u s  p r o p o r t i o n s  and t e s t e d  as above .  Once aga in  
t h e  specimens c o n t a in in g  10 and 15% gold were com ple te ly  b r i t t l e .  
F r a c t u r e  was found to fo l l o w  th e  edges  of the  w hi te  a c i c u l a r  c r y s t a l s  
p r e s e n t  in th e  a l l o y .
Lap j o i n t s  were then  made up w i th  th e  Pb -  Sn -  Au a l l o y s  s tu d i e d  
e a r l i e r .  Maximum shear  s t r e n g t h  was reached  a t  a g o ld  c o n c e n t r a t i o n  
of 2&%, the  s t r e n g t h  d e c r e a s i n g  r a p i d l y  t h e r e a f t e r  and f a l l i n g  below 
t h a t  of a s t r a i g h t  60 -  40 so ld e r  j o i n t  when th e  go ld  c o n t e n t  exceeded 
5%. F o s t e r  t h e r e f o r e  recommended tha t  the  gold  be removed from the
j o i n t  a r e a  b e f o r e  s o l d e r i n g  g o l d - p l a t e d  components.
3Weil e t  a l .  s t u d ie d  the spread  of 60% Sn -  40% Pb s o l d e r  on go ld  
e l e c t r o d e p o s i t e d  onto  s i l v e r  and n i c k e l  s u b s t r a t e s .  I t  was found t h a t  
sp re a d in g  was g r e a t e s t  a t  higo te m p e ra tu r e s  and t h a t  the  s o l d e r  f a i l e d
to  wet the  n i c k e l  s u b s t r a t e  when the  gold l a y e r  was d i s s o l v e d  away.
The advancing so ld e r  f r o n t  was found to  c o n t a i n  a l a r g e  p r o p o r t i o n  of  
i n t e r a e t a l l i c  phase  c o n s t i t u e n t s .  Spread ing  was found  to  be favoured  
on gold  p l a t e s  w i th  s u r f a c e  c a p i l l a r i e s  (such as  g r a i n  b o u n d a r ie s )  a s  
opposed to  smooth,  b r i g h t  d e p o s i t s .
The s t r e n g t h s  of s o ld e r e d  j o i n t s  were s t u d i e d  by s o l d e r i n g  a p in  
o n to  a g o l d - p l a t e d  s h e e t  and measuring  the f o r c e  r e q u i r e d  to  p u l l  the 
p in  away from the  s u r f a c e . The r e s u l t s  showed no c o n s i s t e n t  c o r r e l a t i o n  
w i t h  e i t h e r  s o l d e r i n g  t e m p e r a t u r e ,  t y r e  of gold  d e p o s i t  or s u b s t r a t e  
m a t e r i a l .  There  was a l s o  no d i r e c t  r e l a t i o n s h i p  between the ea s e  of 
s p r e a d in g  and j o i n t  s t r e n g t h ,  and the  use of d i f f e r e n t  s o l d e r s  did  no t
r e s u l t  i n  ma jor  v a r i a t i o n s  i n  j o i n t  s t r e n g t h s .
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W h i t f i e ld  and Cubbin sugges ted  t h a t  two i n t e r m e t a l l i e  compounds 
can  form in  s o ld e re d  c o n n e c t i o n s . These a r e  AuPb^ which i s  d e n d r i t i c  
and AuSn^ which i s  a c i c u l a r ,  the  compounds forming on c o o l in g  from 
te m p e ra tu r e s  above 215 and 217°C r e s p e c t i v e l y . I t  was proposed t h a t  
as a s o ld e r  f r o n t  moves a c r o s s  a g o l d - p l a t e d  s u r f a c e ,  th e  go ld  i s  
d i s s o l v e d  and c a r r i e d  f o r w a r d . The c o n c e n t r a t i o n  of g o ld  i n  the  f r o n t  
i n c r e a s e s  u n t i l  the s o l d e r  becomes s a t u r a t e d , t h i s  be ing  i n d i c a t e d  by 
the appea rance  of a w h i te  a l l o y  l a y e r  at the i n t e r f a c e .  S ince t h i s  
abnormal c r y s t a l  fo rm a t io n  was found to be c o n f in e d  t o  the  l e a d in g  
edge of the s o ld e r  f i l l e t ,  the e m b r i t t l i n g  e f f e c t  was small  i n  the case  
under  s t u d y , which was the  s o l d e r i n g  of g o l d - p l a t e d  w i r e s  to  g o l d - p l a t e d  
s p r i n g s . I t  was n o t e d , however, t h a t  when two gold s u r f a c e s  a r e  s o ld e r e d  
t o g e t h e r ,  h igh c o n c e n t r a t i o n s  of gold  can bo t rapped  in  the j o i n t ,  
g i v i n g  r i s e  to  e m b r i t t l e m e n t .
Harmsen and MeyerJ i n v e s t i g a t e d  the e m b r i t t l e m e n t  of s o ld e r e d  j o i n t s  
t o  go ld  p l a t e d  s u b s t r a t e s  and the  poor s p r e a d in g  of  s o l d e r  on gold  s u r ­
f a c e s  by means of d ip p in g  t e s t s  w i th  d i f f e r e n t  s o l d e r s . The un u s u a l ly
9f a s t  d i s s o l u t i o n  of gold i n  s o l d e r i n g  a l l o y s  was c o n s id e re d  r e s p o n s i b l e  
fo r  t h e  d i f f i c u l t i e s  e n c o u n t e r e d . The graph below shows the e f f e c t s  of 
t e m p e ra t u r e  upon th e  s o l u b i l i t y  of gold  in  t i n  and a 60% Sn -  40% Pb 
s o l d e r .
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Thwai a s 6 has p ro v id e d  a rev iew of the v a r i o u s  methods f o r  a s s e s s i n g  
th e  s o l d e r a b i l i t y  of v a r i o u s  s o l d c r - f l u x - b a s e  m e ta l  s y s t e m s . The 
m a j o r i t y  of i n v e s t i g a t o r s  have used a r e a  o f  sp read  t e s t s  b u t  i t  i s  c l e a r  
t h a t  any one t e s t  w i l l  n o t  s u f f i c e  to  p r o v id e  a q u a n t i t a t i v e  measure of  
s o l d e r a b i l i t y  f o r  a l l  s y s t e m s .  I t  ha; been found from p r a c t i c a l  e x p e r ­
i e n c e ,  conf irmed  by e x p e r i m e n t ,  t h a t  of the  l e a d / t i n  a l l o y s ,  the  e u t e c t i c  
c o m p o s i t i o n  has  t h e  b e s t  p r o p e r t i e s .
A comprehens ive  s tudy  by Rader7 of the d i s s o l u t i o n  of  g o l d ,  s i l v e r ,  
p a l l a d iu m ,  p l a t i n u m ,  copper  and n i c k e l  i n  m o l ten  COZ Sn -  40% Pb s o l d e r  
led  to  t h e  c o n c l u s i o n  t h a t  p a l l a d i u m ,  c o p p e r ,  s i l v e r  and gold are  
u n s u i t a b l e  to r  t h i n  f i l m  a p p l i c a t i o n s .  Over t h e  range  200 -  480 C, th e  
t e m p e r a t u r e  dependence  of the  d i s s o l u t i o n  r a t e s  was found  to  fo l l o w  
A r rh e n iu s  behaviour: i . e .
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-B/Tr a t e  of  d i s s o l u t i o n  r  = Ae
where A and B a r e  c o n s t a n t s ,  and T i s  the  a b s o l u t e  t e m p e r a t u r e .  From 
the  above e q u a t i o n :
log r  = log A -  _B 
T
A p l o t  of log r  a g a i n s t  1/T was found to  y i e l d  a s t r a i g h t  l i n e  of s lope  
B, and i n t e r c e p t  log  A in  th e  case  of a l l  the  m e ta l s  s t u d i e d .
Gold and s i l v e r  were found to  have the h i g h e s t  d i s s o l u t i o n  r a t e s  or 
the  m e ta l s  s t u d i e d , whi le  p la t in u m  and n i c k e l  had the  lo w es t .  Gold i s  
c l a s s e d  as a " s o l d e r c d - t h r o u g h "  p r o t e c t i v e  c o a t i n g ,  s in c e  i t  d i s s o l v e s  
i n  the  so ld e r  and th e  m e t a l l u r g i c a l  bond i s  formed w i th  the b a s i s  m e t a l . 
The f o rm a t io n  of i n t e r m e t a l l i c  compounds by r e a c t i o n  of the  d i s s o l v e d  
gold w i th  the  s o l d e r  causes  e m b r i t t l e m e n t .
At the te m p e ra tu re s  s t u d i e d , gold r e a c t s  w i th  the  t i n  i n  the  molten 
s o ld e r  to form s o l i d  i n t e r m e t a l l i c  compounds. This  in c o n g ru e n t  d i s s o l u ­
t i o n  i n t r o d u c e s  many v a r i a b l e s  i n t o  the k i n e t i c s  of  the  p ro c e s s  and 
t h e r e f o r e  no t h e o r e t i c a l  s i g n i f i c a n c e  can be a t t a c h e d  to  the v a l u e s  of 
A and B o b t a i n e d . For t h i s  r e a s o n  a p r a c t i c a l  method c o n s i s t i n g  of 
d ip p i n g  a gold  wir- '  i n t o  b a t h  of mol ten  s o ld e r  f o r  a s e t  t im e ,  
removing i t  arvl : i u r in g  t he d e c r e a s e  in  d ia m e te r  of  the w i re  m ic ro s ­
c o p i c a l l y  was a topLed. The r e s u l t s  ob ta ined  a r e  shown on the  graph  
below:
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L in e a r  p l o t s  were o b t a in e d  a t  each  t e m p e ra tu r e  and the  s lo p e  of each 
l i n e  g iv e s  t h e  d i s s o l u t i o n  r a t e  a t  t h a t  t e m p e r a t u r e .  P o s s i b l e  r a t e  
c o n t r o l l i n g  p r o c e s s e s  f o r  the  d i s s o l u t i o n  r e a c t i o n  a r e  d i f f u s i o n  i n  the 
m e t a l , d i f f u s i o n  th rough  the  i n t e r m e t a l l i c  compound l a y e r , and t r a n s p o r t  
i n  th e  l i q u i d  phase .
M ic ro s c o p ic  exam in a t io n  of the  gold w i re  ; a f t e r  r e a c t i o n  r e v e a l e d  
a compound l a y e r  a t  the  m e t a l / s o l d e r  i n t e r f a c e ,  which was b e l i e v e d  to  
be AuSnz . Above 252°C (A86°r)  e x t r e m e ly  r a p i d  d i s s o l u t i o n  was found to  
o c c u r ,  and t h i s  was th ough t  to  be due to  the p e r i t e c t i c  d e c o m p o s i t i o n  
of AuSn/( to  Cor. i AuSn,, above t h i s  t e m p e r a t u r e .  A d i f f e r e n t  compound, 
th o u g h t  to  be Autin^, was formed at / / i V ' c  (S00°1) .
Brewer s t u d i e d  the  use of v a r i o u s  t ypes of s o l d e r  w i th  go ld  - p l a t i n g . 
Some s o l d e r s  were found t o  i n c r e a s e  i n  s t r e n g t h  w i th  gold  p i c k - u p ,  
o t h e r s  to  d e c r e a s e .  High t e m p e ra tu r e  s o l d e r i n g  of  gold w i th  l e a d - t i n
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s o l d e r s  gave  v e ry  weak j o i n t s ,  bu t  good r e s u l t s  could be o b t a i n e d  if  
s o l d e r i n g  t ime and t e m p e ra tu r e  were he ld  to a minimum, i n  o r d e r  to  
p r e v e n t  e x ce s s  a l l o y i n g  w i th  the g o ld .  I n  c a s e s  where t h i s  i s  not. 
p o s s i b l e  a 90% In  -  10% Ag o r  an 80% Au -  20% Sn s o l d e r  may be more 
s u i t a b l e .  These s o l d e r s  do no t  however compare w e l l  w i th  th e  l e a d -  
t i n  e u t e c t i c  as r e g a r d s  w e t t a b i l i t y  or low m e l t i n g  p o i n t .
Cavanagh and Longan , in  a survey  of the s o l d e r a b i l i t y  of p r o t e c t -  
t i v e  c o a t i n g s  c l a s s i f i e d  gold  as a s o l u b l e  c o a t i n g  s i n c e  i t  d i s s o l v e s  
on s o ld e r i n g  and the  f i n a l  co n n e c t io n  i s  to  t h e  b a s i s  m e t a l . The d i s ­
s o l u t i o n  r a t e  i s  depende n t  upon the  s o l u b i l i t y  of go ld  in  th e  s o l d e r  
u s e d ,  the  th i c k n e s s  of the  d e p o s i t  and the. t ime and t e m p e ra t u r e  of 
s o l d e r i n g .  The e m b r i t t l e m e n t  of so ld e red  j o i n t s  to  gold  was a t t r i b u t e d
t o  AuSn. formed a t  th e  i n t e r f a c e .4
The m a l f u n c t i o n  of a S a tu rn  V launch checkout computer  system i n i t ­
i a t e d  a s tudy  of s o I d o r - c i r c u i t r y  s e p a r a t i o n  problems by the  N a t i o n a l  
A e ro n a u t i c s  and Space A d m in i s t r a t i o n  in  the  Uni ted  S t a t e s * ^ .  The 
f a i l u r e  was t raced  to  an i n t e r m i t t e n t  s o ld e r e d  c o n n e c t io n  on a computer 
module b o a r d . I n v e s t i g a t i o n  of a d d i t i o n a l  c o n n e c t io n s  to  t h i s  board  
aixl to  b oa rds  from o t h e r  computer  systems r e v e a l e d  s i m i l a r  w idesp read  
s o l d e r - c i r c u i t r y  s e p a r a t i o n s . Boards which e x h i b i t e d  t h i s  problem were 
d o u b le - s i d e d  c i r c u i t r y  p l a t e d  w i th  copper t h a t  c o n t a in e d  b r i g h t e n e r  
a d d i t i v e s  and o v e r p l a t e d  w i th  ac id  cyan ide  go ld  c o n t a i n i n g  c o b a l t .  The 
c i r c u i t  s i d e s  of the  board  were wave s o ld e re d  and the  component s i d e s  
were hand s o l d e r e d . Both s i d e s ,  i n c lu d in g  the p l a t e d  th rough h o l e s , 
e x h i b i t e d  s o ld e r  s e p a r a t i o n .  The p o ly u re th a n e  c o a t in g  in  th e  a r e a s  
a f f e c t e d  showed s e v e r e  d i s c o l o u r a t i o n ,  caused by h ig h  o p e r a t i n g  temper­
a t u r e s ,  b u t  nongold--pi a ted boards  which a l s o  showed t h i s  d i s c o l o u r a t i o n  
r e v e a l e d  no lo s s  of j o i n t  s t r e n g t h .  Thus i t  was a p p a r e n t  t h a t  h e a t ,  
coupled  w i th  t i m e , was n o t  the  only  f a c t o r  c a u s in g  th e  s o l d e r - c i r c u i t r y
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s e p a r a t i o n s .  Normal o p e r a t i n g  t e m p e ra tu r e s  in  the computer  were found 
to  r e a c h  90°C in  c e r t a i n  a r e a s ,  b u t  i t  was c o n s id e re d  t h a t  the s ev e re  
d i s c o l o u r a t i o n  of the p o ly u re th a n e  c o a t in g  was caused by even h igher  
t e m p e r a t u r e s .  The on ly  v i s u a l  i n d i c a t i o n  of j o i n t  f a i l u r e  was a da rken ­
ing of  the gold p l a t e  a d j a c e n t  to  the s o l d e r  f i l l e t .  No s e p a r a t i o n  was 
observed  on c i r c u i t  boards  which had been t inned  r a t h e r  than  gold p l a t e d ,  
b u t  f a i l u r e s  were found on boards  which have been p l a t e d  w i th  copper 
c o n t a i n i n g  b r i g h t e n e r  a d d i t i v e s .  Boards p l a t e d  w i th  copper  from a 
pyrophospha te  b a t h  c o n t a in in g  no b r i g h t e n c r s  d i d  not  s u f f e r  from s e p a r a ­
t i o n .
The s t r e n g t h s  of  v a r i o u s  c o n n e c t io n s  were t e s t e d  by e i t h e r  pushing 
or  p u l l i n g  th e  lead  u n t i l  i t  came away from the  b o a rd .  The r e s u l t s  
v a r i e d  w id e ly ,  bu t  g e n e r a l l y  those  c o n n e c t io n s  which showed s ig n s  of sep­
a r a t i o n  were weaker th a n  those  i n  a rea s  of the  board which  had n o t  been 
s u b je c t e d  to  h igh  t e m p e r a t u r e s .  M ic roscop ic  exam ina t ion  r e v e a l e d  t h a t  
s e p a r a t i o n  i n  the weak j o i n t s  was un i fo rm  and occu r red  a t  the co p p e r /  
s o ld e r  i n t e r f a c e .  A c icu la r  c r y s t a l s  were found d i s p e r s e d  th ro u g h o u t  the 
s o l d e r  mass and a g o l d - t i n  i n t e r m e t a l l i c .  compound l a y e r  was p r e s e n t  a t  
th e  i n t e r f a c e .  S e p a r a t i o n  occur red  between f h - gold  p l a t e  and t h i s  
l a y e r ,  or  i f  the gold  had a l l  r e a c t e d  w i th  the  s o l d e r ,  between th e  copper 
s u b s t r a t e  and th e  compound l a y e r .
A l a b o r a t o r y  s tudy  was th e n  i n i t i a t e d  to  s tudy  the  e f f e c t s  of gold 
p l a t i n g  upon j o i n t  s t r e n g t h .  Three s u b s t r a t e s  were u s e d ,  namely b a r e  
co p p e r ,  copper o v e r p l a t e d  w i th  a 6 ,4  micron layer of hard  g o ld ,  and 
copper  from which the gold p l a t e  had been removed i n  the  a r e a s  to  be 
s o l d e r e d .  A l a r g e  number of l e ad s  were, s o ld e r e d  to  b oa rds  of  th e  above 
t h r e e  types  and the c o n n e c t io n s  were t e s t e d  p e r i o d i c a l l y  w h i le  th e  boards  
were aged at 100°C. P rev ious  i n v e s t i g a t i o n s  had shown t h a t  gold  p l a t i n g  
had no d e l e t e r i o u s  e f f e c t s  over f i v e  y e a r s  a t  t e m p e r a t u r e s  below 70°C.
The s o ld e r  -  to -  go ld  c o n n ec t io n s  showed a s i g n i f i c a n t  s t r e n g t h  
d e g r a d a t i o n  a f t e r  on ly  166 hours  a t  100°C. P r o g r e s s i v e l y  weaker and 
more e r r a t i c  s t r e n g t h s  were measured u n t i l  t e r m i n a t i o n  of the  t e s t  a f t e r  
2230 h o u r s .  The c o n n e c t io n s  to  both  the  copper and e r a s e d  gold  boards  
remained app rox im a te ly  c o n s t a n t  i n  s t r e n g t h .  A minimum push s t r e n g t h  
of 0 ,91  kg. was o b ta in ed  w i th  go ld  over c o p p e r , as  compared w i th  4 ,99  kg. 
f o r  the  o t h e r  two ty p e s .  No s e p a r a t i o n  a t  the s o l d e r / c o p p e r  i n t e r f a c e  
oc c u r r e d  w i th  th e  bare  copper and erased  go ld  b o a r d s , w h i le  p a r t i a l  
s e p a r a t i o n  a t  t h i s  i n t e r f a c e  occu r red  a f t e r  166 hours  w i th  t h e  gold  
p l a t e d  b o a r d . This  in c r e a s e d  u n t i l  comple te  s e p a r a t i o n  was observed  
a f t e r  1054 h o u r s .
The c o n n e c t io n s  to  the gold  p l a t e d  board  were g r a i n y ,  d u l l  g re y  and 
p o r o u s ,  as opposed to  the s h in y ,  smooth appea rance  of those  of  th e  o t h e r  
two t y p e s . M e t a l lo g r a p h i c  exam ina t ion  showed p o r o s i t y  due to  the  o u t -  
g a s s i n g  of o r g a n i c  m a t e r i a l s  in  a l l  the s o l d e r  -  to  -  go ld  c o n n e c t i o n s . 
The s o ld e r  -  to  -  copper j o i n t s  r e v e a l e d  no s e p a r a t i o n  even though  a 
c o p p e r - t i n  i n t e r m e L a i l i e  compound formed and was observed  t o  i n c r e a s e  in  
t h i c k n e s s  d u r i n g  the  ageing  t r e a t m e n t .  A f t e r  com ple t ion  of he t e s t  i t  
was found t h a t  the g o ld  p l a t i n g  away from a r e a s  which had been s o ld e re d  
was s t i l l  a c c e p ta b l y  bonded to the copper  s u b s t r a t e .
Using a techn ique  developed  by M tm ie r ‘ 1, th e  a u tho r  i s o l a t e d  a 
t r a n s p a r e n t  o r g a n i c  polymer from samples of  gold p l a t e  from a r e a s  which 
had been s o ld e r e d  to  and o th e r  a r e a s  which had n o t .  I t  was concluded 
t h a t  e l e v a t e d  te m pera tu re  w i l l ,  in  t i m e , c o n c e n t r a t e  t h i s  c o d c p o s i t e d  
polymer a t  the  s o ld e r  - c i r c u i t r y  i n t e r f a c e  as a t r a n s p a r e n t  f i l m .
The f i n a l  recommendations were tha t  coppe p l a t i n g  s o l u t i o n s  con­
t a i n i n g  b r ig h t  oners  and o th e r  o rg a n ic  a d d i t i v e s ,  and cyanide  gold  p l a t i n g  
s o l u t i o n s  be suspended from f u t u r e  p r i n t e d  c i r c u i t  board f a b r i c a t i o n  
p r o c e s s e s .  When gold  p l a t i n g  i s  m anda to ry ,  non cyan ide  gold should be
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s p e c i f i e d  and i t  should be removed p r i o r  to  s o l d e r i n g .  The recommenda-
t i o n  to avoid  the  use of gold p l a t e  wherever p o s s i b l e  was a l s o  made by
12t h e  United  Kingdom Department  of Trade and I n d u s t r y
The work of M u n i e r ^  has shown the polymer to  be in  the form of a 
c l e a r ,  t r a n s p a r e n t  f i l m  d e p o s i t e d  a l t e r n a t e l y  w i th  the gold and e x i s t i n g  
as w e l l - d e f i n e d  l a y e r s  c o v e r i n g  the e n t i r e  ca th o d e  a r e a . I t  must  t h e r e ­
f o r e  be e i t h e r  c o n s i d e r a b l y  porous or  e l e c t r i c a l l y  c o n d u c t i n g . F u r t h e r  
work on the i n c l u s i o n  of polymer i n  e l e c t r o d e p o s i t e d  go ld  * ' 1 
has  shown t h a t  polymer i s  p r e s e n t  i n  a l l  go ld s  from a c i d  cy an id e  s o l u ­
t i o n s .  Polymer c o n c e n t r a t i o n  i s  dependen t  upon c a th o d e  e f f i c i e n c y  and 
th e  p r e s en ce  of  added m e ta l s  c a p a b le  of forming a lo w -p H -s tab le  complex. 
The amount of ca rbon  d e p o s i t e d  in  the  form of polymer may exceed 1% by- 
w eight  .
D a v i s ^  i d e n t i f i e d  an o rg a n ic  polymer i n  gold from an a l k a l i n e  
c y a n id e  b a th  and found t h i s  gold to  have poor s o l d e r a b i l i t y . P l a t e  from 
a b a t h  c o n t a i n i n g  no f r e e  cyan ide  r e v e a l e d  no polymer and s o ld e r e d  
r e a d i l y .  I t  was t h e r e f o r e  concluded t h a t  poor s o l d e r a b i l i t y  was a t t r i ­
b u t a b l e  s o l e l y  to  the p r e s e n c e  of polymer i n  th e  gold p l a t e .  P l a t i n g  
of components in  cyanide b a th s  was not  recommended when s o l d e r a b i l i t y  
was a r e q u i r e m e n t .
17Lloyd and Groenewald c h a l l e n g e  the  assumpt ion  t h a t  the polymer is 
r e s p o n s i b l e  f o r  the  s e p a r a t i o n  of s o ld e r e d  c o n n e c t i o n s ,  g i v i n g  the 
fo.l lowing r e a s o n s :
1. The polymer i s  dis seminated  throughout the gold p l a t e ,  b u t  separat ion  
occurs mainly at the gold p la te /copper  i n t e r f a c e .
2. The polymer woulu probably be destroyed by the high temperatures  
experienced during s o ld e r in g .  The poros i ty  noted in the soldered  
j o in t s  may be due to gas evolved during the d e s t r u c t io n  oi the 
polymer.
3. The p r e s e n c e  of a polymer would n o t  r e a l l y  e x p l a i n  why t h i c k  gold 
p l a t e  i s  more prone  to  f a i l u r e  th a n  t h i n  p l a t e .
4.  Only t r a c e  q u a n t i t i e s  of polymer a r e  p r e s e n t  (ca .  0,3% C ) , bu t  macro 
q u a n t i t i e s  of h ig h - m o le c u l a r - w e ig h t  r o s i n s  a r e  a l s o  p r e s e n t  d u r in g  
s o l d e r i n g ,  which would be expec ted to  have a f a r  g r e a t e r  d e l e t e r i o u s  
e f f e c t  were such s u b s t a n c e s  to  be im p l ic a te d  i n  s e p a r a t i o n .
5.  Most of the  gold r e a c t s  to  form g o l d - t i n  compounds and e x p u l s io n  of 
any polymer d u r in g  the fo rm a t io n  of such a l l o y s  would be ex p e c te d .
A f u r t h e r  r e a s o n  to  doubt  t h i s  assum pt ion  i s  t h a t  no s e p a r a t i o n  was
found in  g o l d - p l a t e d  tire as  which had n o t  been s o ld e r e d  t o ,  even a f t e r  
age ing  a t  100°C f o r  over  2 000 h o u r s .  I t  i s  a l s o  d i f f i c u l t  to  env isage
* mechanism whereby cm o r g a n ic  polymer in  the form of a t h i n  s n e e t  could
d i f f u s e  th ro u g h  a d e n s e  l a v e r  of gold to  c o n c e n t r a t e  a t  the g o ld /co p p e r  
i n t e r f a c e .
A insworth18 a t t r i b u t e d  th e  e m b r i t t l e m e n t  of  s o lde red  j o i n t s  on gold 
to  the p re s e n c e  of AuSn^ which forms as p. c o n t in u o u s  la y e r  a t  the  
s o l d e r / g o l d  i n t e r f a c e  and as n e e d l e s  in  the bu lk  of the s o ld e r  f i l l e t .
A t h i c k  gold  d e p o s i t  and h igh s o l d e r i n g  t e m p e ra tu r e s  favour  t h i s  e f f e c t .  
The s o l u b i l i t y  of gold in  l e a d - t i n  s o l d e r  can be reduced  by adding s i l v e r  
or cadmium t o  the so ld  o r , b u t  no d a t a  i s  a v a i l a b l e  on the mechanical  
p r o p e r t i e s  ot the se  j o i n t s .  E m b r i t t l e m e n t  i s  g r e a t l y  r educed  by the  
u s e  of lead -  t i n  -  indium and lead  -  t i n  -  indium -  z in c  s o l d e r s ,  which
have low -r m e l t ing  p o i n t s  than a 60% t i n  -  40% lead s o l d e r , due to  the
lower s o l d e r i n g  t e m p era tu re  and the p r e f e r e n t i a l  fo rm a t io n  of Aulnj  a t  
t h e  i n t e r f a c e .  However, t h e s e  s o l d e r s  a r e  expens ive  and g ive  lower 
j o i n t  s t r e n g t h s  than  those  p o s s i b l e  w i th  60 -  40 t i n - l e a d  s o l d e r .
It  i s  recommended by Ainsworth that gold p la t in g  th ickness  should 
be kept below 1,5 microns to ensure freedom from embritt lement.  These 
boards,  however, should not be s t o r e d  for  long per iods  as the so ld e r a -
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a b i l i t y  w i l l  d e t e r i o r a t e  due to  o x i d a t i o n  o r  c o r r o s i o n  of the  b a s i s  
me ta l  th rough  po re s  i n  the  c o a t i n g .  Where t h i c k  gold d e p o s i t s  must be 
u s e d , i t  i s  n e c e s s a r y  to  remove the gold b e f o r e  s o l d e r i n g .  The time 
and t e m p e ra tu r e  of th e  s o l d e r i n g  o p e r a t i o n  should a l s o  be k e p t  to a
min„ im.
19Lee cla imed t h a t  the  use of  an P!S% Au -  15% Li a l lo >  e l e c t r o d e p o s i t  
i n s t e a d  of the normal h a r d , b r i g h t  gold p l a t e  would p r e v e n t  j o i n t  
e m b r i t t l e m e n t .  I t  was shown t h a t  the i n c o r p o r a t i o n  of n i c k e l  in  the 
gold p l a t e  p re v e n te d  d i s s o l u t i o n  of the go ld  d u r in g  the  s o l d e r i n g  p r o ­
cess  and a l s o  s topped  th e  d i f f u s i o n  of gold to  r e a c t  w i th  t i n  d u r in g  
subsequen t  age ing  a t  110°C. L e e ' s  f i n d i n g s  were t h a t  a pure  gold w i r e  
p a r t i a l l y  d i s s o l v e d  in  m ol ten  s o l d e r  to  form an a n n u la r  l a y e r  of g o ld -  
t i n  i n t e r m e t a l l i e  compound and t h a t  t h i s  l a y e r  grew c o n s i d e r a b l y  d u r i n g  
age ing ,  w h i le  a n i c k e l / g o I d  a l l o y  wire  d id  no t  r e a c t  a t  a l l , Good 
s o I d e r a b i l i t y  and c o r r o s i o n  r e s i s t a n c e  were claimed f o r  the a l l o y .
The shear s t r e n g t h s  of lap j o i n t s  made up w i th  g o ld  p l a t e  and w i th  
Au -  Ni a l l o y  p l a t e  were a l s o  s t u d i e d .  In b o th  c a s e s , the specimens 
were p repared  w i th  and w i th o u t  a n icke l  id e rc o a t .  The s o l d e r i n g  
tem pera tu re  was he ld  c o n s t a n t  and the th i c k n e s s  of the  p l a t e  was i n c r e a s e d  
up to a maximum of 5 m i c r o n s . The shear s t r e n g t h s  of  s o ld e r e d  j o i n t s  
to t h e  Au -  Ni. a l l o y  p l a t e ,  b o th  w i th  and w i th o u t  a n i c k e l  u n d e r c o a t ,  
were un i fo rm ly  h ig h ,  on ly  d e c r e a s i n g  s l i g h t l y  a t  h ig h  t h i c k n e s s e s .  The 
gold p l a t e  w i th o u t  a n ic k e l  u n d e r p l a tv  gave the  same s t r e n g t h s  as the  
a l l o y  p l a t e  up t o  a t h i c k n e s s  of 0 ,65 m ic rons ,  a f t e r  which a s teady  
d e c r e a s e  was o bse rved .  The gold  p l a t e  w i th  a n i c k e l  u n d e r p l a t e  gave 
weak j o i n t s ,  due to the  f a c t  t h a t  tin gold d i s s o l v e d  and s o l d e r i n g  was 
to the  n i c k e l  s u b s t r a t e  which had poor so I d o r a h i l i  t y .  I t  was t h e r e f o r e  
recommended t h a t  no n ic k e l  u n d e r p l a t e  he used w i th  a s o l u b l e  co a t in g  
such as go ld .  The a d d i t i o n  oF 15% ni.'.kel makes the  go ld  i n s o lu b l e  in
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s o l d e r , thus a v o id in g  t h i s  problem.
20Recen t  work on reducing  p o r o s i t y  i n  t h i n  gold  e l e c t r o d e p o s i t s  has 
shown t h a t  a com bina t ion  o f  e l e c t r o p o l i s h i n g  p r i o r  to  p i a t i n p  and u l t r a ­
s o n ic  a g i t a t i o n  d u r in g  p l a t i n g  can ach ieve  a c o n s i s t e n t l y  low r e s i d u a l  
p o r o s i t y  i n  go ld  c o a t in g s  as  t h i n  a s  2 m i c r o n s .
21I n  a c r i t i c a l  rev iew  of s o l d e r i n g  to  gold s u r f a c e s ,  Thwai tes  
c o n s i d e r s  bo th  t h e  s o l d e r a b i l i t y  of gold c o a t i n g s  and th e  m e t a l l u r g i c a l  
r e a c t i o n s  t h a t  occu r  du r ing  s o l d e r i n g . I t  i s  concluded t h a t  the  f o l d e r -  
a b i l i t y  of pure gold i s  e x c e l l e n t ,  b u t  t h a t  of the  h a r d ,  b r i g h t  t  hvo -  
d e p o s i t s  commonly used i s  s t r o n g l y  dependen t  upon the  m e t a l l i c  a i l  ing 
a d d i t i o n s  and th e  o r g a n ic  a d d i t i v e s  u s e d .  "Included carbonaceous  m a t e r i a l  
decomposes on s o l d e r i n g  to  cause  g ro ss  gas p o r o s i t y  i n  the j o i n t .  Some 
a l l o y  d e p o s i t s  cause  the s o l d e r  to  spread  unevenly  and s o l i d i f y  w i th  a 
rough s u r f a c e .
J i t h  r e g a r d  to  the s t r e n g t h  of s o ld e r e d  j o i n t s , r a p i d  s o l u t i o n  of 
gold c o a t i n g s  and i n t e r m e t a l l i e  compound fo rm a t io n  occur  i n  m ol ten  
s o l d e r . J o i n t  s t r e n g t h  and d u c t i l i t y  a re  low i f  more than  abou t  4 per­
c e n t  go ld  i s  p r e s e n t  in  the  s o ld e r  i n  the  j o i n t .  When r e s i d u a l  gold i s  
p r e s e n t , j o i n t s  a r c  always weak, due to  the fo rm a t io n  of mass ive  l a y e r s  
of the  i n t e r m e t a l  l i e  compound AnSn/(. tip to  the d a t e  of w r i t i n g ,  no new 
s o l d e r s  had been d ev i sed  t o  overcome t h i s  p rob lem ,  w i t h  the  p o s s i b l e  
e x c e p t io n  of an expens ive  in d iu m - r ic h  a l l o y .
The fo l l o w in g  a l t e r n a t i v e s  a r e  sugges ted  f o r  p roduc ing  sound s o ld e re d  
j o i n t s  to  a gold s u r f a c e :
1. Use a gold -  15% Ni p l a t e  which r e a c t s  too  s lowly  w i th  mol ten  s o l d e r  
to  produce i n t o r m e t a l l i e  compounds.
2.  L im i t  the  gold  t h i c k n e s s  to about I micron  ( p r e f e r a b l y  p u re  gold)  
and use a t i n / n i c k e l  u ndercoa t  t o  p r o t e c t  the  s u b s t r a t e .
3. Remove the  gold p l a t e  from a r e a s  where s o ld e r e d  j o i n t s  a r e  to be made.
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2 .2  PHASE EQUILIBRIA IN THE BINARY SYSTEMS Pb-Sn,  Sn-Au AND Au-Pb
2 . 2 . 1  The Pb-Sn S y s t em^"
Lead and t i n  form a s imple  e u t e c t i c  system, shown in  F i g u r e  ( 1 ) .  The 
e u t e c t i c  t e m p era tu re  i s  183 C and the  com pos i t ion  38,1  w eight  per  cen t  
l e a d .  The (Sn) phase can  c o n t a i n  2 ,5  wt.% lead  a t  the  e u t e c t i c  tempera­
t u r e ,  out  room te m p e ra tu re  s o l u b i l i t y  Ls low ( l e s s  th a n  0 ,3  w t .%) .  The 
(Fb) phase has a maximum s o l u b i l i t y  of t i n  of 19 wt.% a t  the  e u t e c t i c
t e m p e r a t u r e ,  and a room tem p era tu re  s o l u b i l i t y  of 2 ,9  wt.%.
2 . 2 .2  The Sn-Au S y s tem ^ *  ^
The phase  diagram f o r  t h i s  system i s  shown in  F ig u r e  ( 2 ) .  Three  
i n t e r m e d i a t e  phases  AuSn (37,57 wt.% Sn),  AuSn^ (54,62 wt.% Sn) ,  and 
AuSn^ (70 ,65  wt.% Sn) a r e  fo rmed , w i th  a f u r t h e r  g o l d - r i c h  phase  forming 
between 12 and 16 atomic  per  cen t  t i n .  The AuSn^ -  Sn e u t e c t i c  l i e s  
a t  90,5 wt.% Sn and 2 14°C, and the  s o l i d  s o l u b i l i t y  of gold i n  t i n  a t  
200 C i s  app rox im ate ly  0 , 3  wt.%. AuSn has  an o rd e re d  hexagona l  s t r u c ­
t u r e  of the  NiAs ty p e ;  AuSn., i s  o r thorhombic  of the  CoGcg type ;  AuSn^ 
has an o rde red  o r tho rhom bic  s t r u c t u r e  i s o t y p i c  w i th  PtSn^ and PdSn^, 
c o n t a i n i n g  20 atoms per  u n i t  c e l l .  Both AuSn^ and AuSn/+ e x h i b i t  very  
narrow r a n g e s  of homogeneity .
2 . 2 . 3  The Au-Pb Sys t e m ^
U n t i l  r e c e n t l y ,  the  phase  d ia gram shown i n  F ig u re  (3) was a c c e p te d  fo r
the  l e ad -g o ld  system. Two i n t e r m e d i a t e  p hases  Au^Pb (34,44 wt.% Pb) 
and AuPbg (67,76 wt.% Pb) were known w i th  Au^Pb decomposing i n t o  Au and 
AuPb2 on cold working ,  i n d i c a t i n g  t h a t  Au?Pb i s  u n s t a b l e  below some 
undetermined  t e m p e ra tu r e .  R e c e n t l y ,  however,  a t h i r d  go Id - l e a d  compound, 
AuPbg, has been d i s c o v e re d  . This  c jnpound, which has a t e t r a g o n a l  
c r y s t a l  s t r u c t u r e ,  had p r e v i o u s l y  been r e p o r te d  i n  v e r y  t h i n  evapora ted  
g o I d - l e a d  f i l ms  but  i t s  p r e s e n c e  in  mass ive  form had been d o u b t e d . A 
r e v i s e d  e q u i l i b r i u m  diagram (F igure  (4) )  has s in c e  been p u b l i s h e d  by
f20
FIGURE 1 The Pb -  Sn E q u i l ib r iu m  Diagram
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FIGURE 3 The O r i g i n a l  Au -  Pb E q u i l i b r i u m  Diagram
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Legendre and So u lea u 25 , showing the  p r e s e n c e  ot the  n o n -c o n g ru e n t  com­
pound,  AuPb3 , and i n d i c a t i n g  the  i n s t a b i l i t y  of Au2Pb a t  low tempera­
t u r e s  .
The s o l i d  s o l u b i l i t i e s  of gold i n  l e a d ,  and of l e a d  in  go ld  are  
bo th  ex t rem ely  low, th e  s o l i d  s o l u b i l i t y  of gold in  lead  b e i n g  0 ,0 8
atomic  per c e n t  a t  200 C.
V.d .  Broek and S t a a t s 26 s tu d ie d  i n t e r s t i t i a l  d i s s o l u t i o n  and compound
fo rm a t io n  i n  the  Au-Pb sys tem.  I t  was found t h a t  the  c r y s t a l  l a t t i c e
of lead  expands upon the d i s s o l u t i o n  of g o ld ,  a l th o u g h  lead atoms art-
much smal le r  than  gold  atoms -  t h i s  was i n  accordance  w i th  t h e  i d e a  t h a t
gold atoms occupy i n t e r s t i t i a l  p o s i t i o n s  i n  t h e  lead  l a t t i c e .
The compound AuPb.^ was formed by the  r e a c t i o n s .
P e r i t e c t i c  a t  222°C L + AuPb^ = AuPb^
E u t e c t i c  a t  212°C L = AuPb^ + Pb
The fo rm a t io n  of AuPb^ could  be suppressed  by quench ing ,  when a meta-
s t a b l e  e u t e c t i c  r e a c t i o n :
L = AuPb^ + Pb
o c c u r re d  a t  on ly  0,5°C below the t e m p era tu re  of the  s t a b l e  e u t e c t i c .
Au Pb was found to  be s t a b l e  from i t s  p e r i t e c t i c  f o rm a t io n  t e m p e ra tu r e  
to  as low as 200t C.
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2.3 PHASE EQUILIBRIA IN THE TERNARY SYSTEM Au -  Sn -  Pb
As a r e s u l t  of i n t e r e s t  exp res sed  i n  the  r e a c t i o n s  of gold  w i th  mol ten
? 7 2 8l e a d - t i n  s o l d e r , P r in c e "  * 1 e s t a b l i s h e d  the  c o n s t i t u t i o n  of the  AuSn -
Pb -  Sn p a r t i a l - t e r n a r y  system.  AuSn, be ing  a c o n g r u e n t ly - r a e l t i n g  com­
pound , e n a b l e s  the Au -  Sn -  Pb system to  he s p l i t  i n t o  two sub-sys tems
Au -  AuSn -  Pb and AuSn -  Pb -  Sn. S ince  i t  i s  u n l i k e l y  t h a t  gold
c o n c e n t r a t i o n s  in  s o ld e r e d  j o i n t s  w i l l  r each  50 atomic per  c e n t , only
the  l a t t e r  system i s  of  i n t e r e s t  i n  t h i s  s tu d y .
In o r d e r  to  i n v e s t i g a t e  t h i s  f i e l d ,  i t  was f i r s t  n e c e s s a r y  to
27e s t a b l i s h  t h e  q u a s i - b i n a r y  AuSn -  Pb s e c t i o n  . Thermal a n a l y s i s  and
m e t a l l o g r a p h i c  t e c h n iq u e s  e s t a b l i s h e d  t h i s  to  be of the  e u t e c t i c  type
(F igu re  ( 5 ) ) ,  w i th  the  q u a s i - b i n a r y  e u t e c t i c  o c c u r r i n g  a t  292°C and
92 wt.% Pb. The s o l u b i l i t y  of  AuSn i n  load was found to  be l e s s  than
1 wt.% a t  the  e u t e c t i c  t e m p e ra tu re .  Assuming the absence  of t e r n a r y
compounds, the e q u i l i b r a  in  the  p a r t i a l  t e r n a r y  system were p r e d i c t e d  to
be as in  F i g u r e  ( 6 ) .
With a knowledge of  the  AuSn -  Pb q u a s i - b i n a r y  sys tem ,  th e  AuSn -
28Pb -  Sn t e r n a r y  could  be i n v e s t i g a t e d  . The p r o j e c t e d  l i q u i d u s  s u r f a c e  
o b ta in e d  i s  shown in  F ig u re  ( 7 ) .  The e u t e c t i c  v a l l e y  o r i g i n a t i n g  a t  
th e  AuSn -  Pb e u t e c t i c  p o in t  e^ d es cen d s  to  meet the  p e r i t e c t i c  f o l d  
emanating from the b in a ry  p e r i t e c t i c  r e a c t i o n :  
l i q  + AuSn * AuSn,;
At t h i s  p o i n t  P p  a t e r n a r y  q u a s i - p e r i t e c t i c  r e a c t i o n  o c c u r s :  
l i q  + AuSn * Pb + AuSn^ 2751C.
From P p  the  l i q u i d  d e p o s i t s  a m ix tu re  of Pb and AuSn^, u n t i l  p o i n t  P^
i s  reached when a second t e r n a r y  q u a s i - p e r i t e e t i t  r e a c t i o n  o c c u r s :  
l i q  «• AuSu^ = Pb + AuSn^ 208 C.
From Pg the  l i q u i d  d e p o s i t s  i m ix tu re  of  Pb and AuSn^ u n t i l  the t e r n a r y
e u t e c t i c  p o i n t  i s  reached  a t  E:
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FIGURE 5 The Q u a s i - B in a r y  AuSn -  Pb Diagram
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FIGURE 6 (Note: The E q u i l i b r i a  u n d e r l i n e d  a r e  s t a b l e  to  room temper a t u r c )  
Phase E q u i l i b r i a  f o r  the  System AuSn -  Pb -  Sn.
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l i q  = Pb + Sn + AuSn^ 177°C.
I t  should be noted  t h a t  no An -  Pb compounds occur  in  s o f t - s o l d e r e d
j o i n t s  to gold  p l a t e d  s u r f a c e s . The s e p a r a t i o n  of l e a d  from the  t e r n a r y
e u t e c t i c  may be d e g e n e r a t e ,  g iv in g  r i s e  to  d e n d r i t i c  lead  which may
have been m i s t a k e n  by e a r l i e r  workers  f o r  d e n d r i t i c  AuPb„.' i
M icroscop ic  work conf irmed the p e r i  t a c t i c  n a t u r e  of the r e a c t i o n s  
a t  Fj and P^.  Duplex g r a i n s  were o b t a i n e d , w i th  an in n e r  core  of 
p r im ary  AuSn in  the  case  of the r e a c t i o n  of  P ^ , su r rounded  by a p e r i -
t e c t i c  r im  of A u S ^ , and of pr imary AuSn^ w i th  a r i m  of AuSn^ i n  t^e
c a s e  of P^.
The s o l u b i l i t y  of go ld  i n  a 60% t i n  -  40% lead  s o l d e r  was measured
as  11% a t  225°C, 17% a t  250°C and 24% a t  27 5°C.
29Karnowsky and Rosenzweig d e r iv e d  the t e r n a r y  Au -  Sn -  Pb e q u i l i ­
brium d iag ram ,  which i s  c h a r a c t e r i s e d  by the  p e r s i s t e n c e  of t h e  congrue-  
n t l y  m e l t i n g  phase  AuSn a c r o s s  the diagram to the lead  c o r n e r . A t e n t a ­
t i v e  l i q u i d u s  p r o j e c t i o n ,  shown in  F ig u r e  ( 8 ) ,  was o b t a i n e d . This 
a g r e e s  w e l l  w i th  t h a t  o b ta in ed  by P r i n c e  f o r  the AuSn -  Pb -  Sn system.
There a re  seven  i s o tn e r m a l  r e a c t i o n s  in  the diagram s i n c e  acco rd ing  to  
the  phase r u l e ,  when four  phases  e x i s t  in e q u i l i b r i u m  in  a t e r n a r y  
sys tem,  the t e m p e ra tu r e  must remain  c o n s t a n t .  With r e f e r e n c e  t o  F ig u re  ( 8 ) 
they  a rc :
1 . L 4 Au =■ Zete  + Au^Pb 363°C
2 . I + Zeta  ■ AUpFb + AuSn 247 "c
3. AugPb + L = AuSn + AuPb^ 22r)°C
4. L = AuSn + AuPby + Pb 204°C
5. L + AuSn “ Pb +• AuSng 277*0 (275*0)
6 . L k AuSn„ * PI) + AuSn.2 4 205°C (208*0)
7. L = AuSn. Pb + Sn 176*0 (177°C)
The t e m p e ra t u r e s  g iv e n  i n  p a r e n t h e s e s  a r e  those  o b ta in e d  by P r in c e .
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l i q  = Pb + Sn + AuSn^ 177°C.
I t  should be noted t h a t  no Au -  Pb compounds occur  i n  s o f t - s o l d e r e d
j o i n t s  to  gold  p l a t e d  s u r f a c e s . The s e p a r a t i o n  of lead  from the t e r n a r y
e u t e c t i c  may be d e g e n e r a t e , g iv i n g  r i s e  t o  d e n d r i t i c  lead which may
have been m is t a k e n  by e a r l i e r  workers f o r  d e n d r i t i c  AuPb„.' 2
M ic roscop ic  work conf irmed  the per  i t e c t i c  n a t u r e  of the r e a c t i o n s  
a t  P^ and P ^ . Duplex g r a i n s  were o b t a i n e d , w i th  an in n e r  core  of 
p r im ary  AuSn i n  the case  of the  r e a c t i o n  of  P ^ , su r rounded by a p e r i -
t e c t i c  r im of AuSn^, and of primary AuSu^ w i th  a r im  of AuSn^ i n  the
c a s e  of P^.
The s o l u b i l i t y  of go ld  i n  a 60% t i n  -  40% le ad  s o l d e r  was measured
as  11% a t  225°C, 17% a t  250°C and 24% a t  275°C.
29Karnowsky and Rosenzweig'  de r ived  th e  t e r n a r y  Au -  Sn -  Pb e q u i l i ­
br ium d ia g ra m ,  which i s  c h a r a c t e r i s e d  by the  p e r s i s t e n c e  of th e  congrue-  
r . t l y  m e l t i n g  phase AuSn a c r o s s  the diagram to the  lead c o r n e r . A t e n t a ­
t i v e  1iqu idus  p r o j e c t i o n ,  shown in  F ig u r e  ( 8 ) ,  was o b t a i n e d . This  
a g r e e s  w e l l  w i th  t h a t  o b ta in ed  by P r in c e  f o r  the  AuSn -  Pb -  Sn sys tem.  
There a re  seven  i s o th e rm a l  r e a c t i o n r  i n  the diagram s in c e  acco rd ing  to  
the  phase r u l e ,  when f o u r  phases  e x i s t  in e q u i l i b r i u m  i n  a t e r n a r y  
sys tem ,  the t e m p era tu re  must remain  c o n s t a n t .  With r e f e r e n c e  to  F ig u r e  ( 8 ) 
they  a re :
1. L + Au ■ Z e ta  + Au^Pb 363°C
2. L + Z e ta  = Au^'b + AuSn 247 “ c
3. Au9Pb + L = AuSn + AuPb^ 225°C
4. L = AuSn + AuPh^ + Pb 204"c
5. L + AuSn = Pb > AuS. '2 2/7°(: (275°C)
6 . L + AuSn2 = Pb + AuSn/( 205°C (208°C)
7 .  L » AuSn, + Pb + Sn 176°C (177°C)
The te m p e ra tu r e s  g iv e n  in  p a r e n t h e s e s  a re  t h o s e  o b ta in e d  by P r i n c e .
FIGURE 7 The P r o j e c t e d  L iqu idus  S u r face  f o r  the  System
(acc o rd ing  to  P r in c e  ).
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FIGURE 8 The P ro j e c t e d  L iqu idus  Su r face  fo r  the  System
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(According to  Kamowsky and Rosenzweig )
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Thus t h e r e  a re  two d i f f e r e n t  p a th s  t h a t  can be fo l lowed  on c o o l in g ,  
depending  upon the  o r i g i n a l  com posi t ion  of the  m e l t .  Unless  t h e  gold 
c o n t e n t  of a s o ld e r e d  j o i n t  exceeds 50 atomic per  c e n t , which i s  u n l i k e l y ,  
lead  w i l l  n o t  form any compounds w i th  the gold  b u t  w i l l  mere ly  a c t  as a
d i l u e n t  in  the  system.
A v e r t i c a l  s e c t i o n  th rough the Au -  Sn -  Pb sys tem from the  e u t e c t i c  
s o ld e r  com pos i t ion  to  the Au co rner  was d e r iv e d  and i s  shown i n  f i g u r e  ( 1) 
Many d e d u c t i o n s  were made in  the  c o n s t r u c t i o n  ox t h i s  p l o t ,  e s p e c i a l l y  
s in c e  f i v e  of the seven  r e a c t i o n s  a re  of the p e r i l e c t i c  ty p e .  P e r i t e c t i  
r e a c t i o n s  a r e  known to  a t t a i n  e q u i l i b r i u m  w i th  d i f f i c u l t y ,  and t h e r e f o r e  
the  com pos i t ion  l i m i t s  may ex tend  f u r t h e r  than  those  shown by d i f f e r e n t i a l
thermal  a n a l y s i s .
I t  i s  i n t e r e s t i n g  t o  n o te  t h a t  the same compounds AuSn, AuSn2 and
30AuSn, a r e  found i n  the Au -  Sn -  Ag system , and t h a t  they form by 
4
s i m i l a r  t e r n a r y  q u a s i - p e r i t e c t i c  r e a c t i o n s ,  fo l low ed  by a t e r n a r y  
e u t e c t i c  r e a c t i o n .
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FIGURE 9 A V e r t i c a l  S e c t io n  Through the Au -  Sn I’b s e c t i o n  from the  
E u t e c t i c  S o lde r  Composit ion to  the  Au C o rn e r .
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2.4 DIFFUSION AND SOLID-STATE REACTIONS IN THE Au ~ Sn -  Pb SYSTEM
The f i n d i n g s  by P a s c i a k ^  t h a t  s o ld e r e d  j o i n t s  to  gold  p l a t e  d e t e r i o r a t e d
1 9
i n  s t r e n g t h  a f t e r  o p e r a t i n g  a t  e l e v a t e d  t e m p e r a t u r e s ,  and by Lee t h a t
g o l d / t i n  compounds which formed on s o l d e r i n g  grew d u r in g  ageing  a t  110 C,
s u g g e s t  t h a t  d i f f u s i o n - c o n t r o l l e d  r e a c t i o n s  ta ke  p l a c e  i n  the  s o l i d
s t a t e  a t  t h e s e  r e l a t i v e l y  low t e m p e r a t u r e s .
I t  i s  w e l l  known t h a t  gold d i f f u s e s  v e r y  r a p i d l y  i n  l e a d .  The
d i f f u s i o n  of  gold  i n  lead a t  room te m pera tu re  was f i r s t  s t u d i e d  by
R o b e r t s -A u s te n  i n  1896 . Gold in  lead meets  the r e q u i r e m e n t s  f o r  r a p i d
d i f f u s i o n  i n  t h a t  the  s o l u b i l i t y  i s  v e ry  s l i g h t  and the  m e l t i n g  p o i n t
of the  s o l v e n t  i s  low. Gold atoms a re  a l s o  very  much s m a l le r  than  lead
atoms.  A smal l  amount of gold  goes i n t o  s u b s t i t u t i o n a l  s o l i d  s o l u t i o n
i n  l e a d , b u t  d i f f u s i o n  i s  by an i n t e r s t i t i a l  mechanism. As a consequence
of t h i s  the  d i f f u s i o n  of gold atoms ou t  of t h e i r  p o s i t i o n s  i n  the  lead
l a t t i c e  p roduces  v a c a n c i e s  and the  ra te ,  of f u r t h e r  d i f f u s i o n  d e c r e a s e s .
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T h i s  was confirmed by Rossolimo and Turnbu l l
Warbur ton  confirmed e x p e r i m e n t a l l y  t h a t  the  v i f f  u s i v i t y  of gold  
in  lead  d e c r e a s e s  w i th  i n c r e a s i n g  gold c o n c e n t r a t i o n .  A model was
sugges ted  w here in  go ld  d i f f u s i o n  i s  c o n t r o l l e d  at  low te m p e r a t u r e s  and
h ig h  c o n c e n t r a t i o n s  by the  mot ion  of d e f e c t s  c o n s i s t i n g  of  p a i r s  of 
go ld  atoms,  p o s s i b l y  a s p l i t  i n t e r s t i t i a l .  Th is  c a s t s  doub t  on the  
c o n c l u s i o n  t h a t  d i f f u s i o n  of gold i i lead i s  p r i m a r i l y  due t o  the  mot ion  
of co n v e n t io n a l  i n t e r s t i t i a l s  a t  any t e m p e ra tu re  or  c o n c e n t r a t i o n .
Hooyer and M e i j e r i n g ^  found t h a t  when a go ld  f o i l  was clamped in  
c l o s e  c o n t a c t  w ith  a lead  c y l i n d e r ,  compound f o r m a t i o n  a t  the g o I d / l e a d  
i n t e r f a c e  became tpp r e n t  a f t e r  sum ' t ime.  Only the  compounds AuPbr; 
and AuPbj were fo rm ed , the thermodynarni a l l y  s t a b l e  Au^Pb be ing  a b s e n t .  
T h i s  war. a p p a r e n t l y  due to  d i f f i c u l t y  of mi c l e a t  ion  of  the Laves phase 
Au-,Pb, even  a t  200°C.
I
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A s i m i l a r  phenomenon has been found i n  th e  d i f f u s i o n  behav iour  of 
copper and g o l d 3 5 . When gold  and copper were d i f f u s e d  t o g e t h e r ,  on ly  
the  phases  Cu.Au and CuAiy, i n  an a b r u p t l y  l a ye red  s t r u c t u r e ,  were 
o b t a in e d .  The o rde red  phase  CuAu was c o n s p icu o u s ly  a b s e n t  and the  l a c k  
of any c o n c e n t r a t i o n  g r a d i e n t  in  the  t e rm in a l  m e ta l s  was a l s o  n o te d .
Both of th e s e  phenomena a r e  c o n t r a r y  to  the  e s t a b l i s h e d  laws of i n t e r  
m e t a l l i c  d i f f u s i o n .  I t  was concluded t h a t  the compound growth  r a t e  
must be c o n t r o l l e d  by atomic  movements t a k in g  p l a c e  a t  the i n t e r f a c e  i n  
such a way as to  e n s u re  bo th  the  c o r r e c t  o rd e r  and s t o i c h i o m e t r y .
Herzig  and Heum.nn3^ s t u d i e d  the  d i f f u s i o n  of t i n  and g o ld  in  g o l d -  
r i c h  g o l d - t i n  s o l i d  s o l u t i o n s .  The s e l f - d i f f u s i o n  of t i n  and gold were 
found to  i n c r e a s e  s t r o n g l y  w i th  i n c r e a s i n g  im p u r i ty  c o n t e n t .
M is ra  e t  a l  s t u d i e d  compound fo rm a t io n  i n  the  Au -  Sn system.
The h e a t s  of f o rm a t io n  of  AuSn, AuSn^ and AuSn^ a t  2 / i K were found to  
be - 3 , 6 5 ,  - 3 ,3 8  and - 1 ,8 5  k c a l / g .  atom r e s p e c t i v e l y .  The s o l i d u s  temp­
e r a t u r e s  of the  t h r e e  compounds a l s o  d e c r e a s e  in  the  same o r d e r ,  i n d i c a  
t i n g  t h e i r  r e l a t i v e  s t a b i l i t i e s .  The f r e e  energy  of  f o rm a t io n  of AuSn 
was g iv e n  as below:
A f °  [ o , 5  A u ( s )  + 0 ,5  Sn(s)  = 0 ,5  AuSn(s) ,  298°k) = -3 ,8 1  k c a l / g .  atom. 
k F °  [ 0 , 5  Au(s)  + 0 ,5  S n ( l )  = 0 ,5  A uSn(s . l )  692nK (m .p t . ) ]
= - 2,93 k c a l / g .  atom.
The compounds formed have e s s e n t i a l l y  m e t a l l i c  and c o v a l e n t  b o n d in g , 
the  i o n i c  c o n t r i b u t i o n  be ing  low. This i s  confirmed by the  low m e l t i n g  
p o i n t s  o r  p e r i t e c t i c  decom pos i t ion  te m p e ra tu r e s  of  the  compounds and 
t h e i r  low h e a t s  of f o rm a t io n .  The n i c k e l  a r s e n i d e  s t r u c t u r e  of AuSn 
has a low c / a  r a t i o  of 1 ,278 ,  i n d i c a t i n g  a low v a l u e  of the  Madelung 
c o n s t a n t  and hence p redom inan t ly  m e t a l l i c  bo n d in g .
In  a p p l i c a t i o n s  in v o lv in g  t h i n  gold  f.ilms c a r r y i n g  h ig h  c u r r e n t ,  
e l e c t r o m i g r a t i o n  may r e p l a c e  d i f f u s i o n  as the  dominant  method of mass
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A s i m i l a r  phenomenon has been found i n  th e  d i f f u s i o n  behav iour  of 
copper and g o l d 3 5 . When gold  and copper were d i f f u s e d  t o g e t h e r ,  only  
the  phases  Cu Au and CuAu^ i n  an a b r u p t l y  la ye red  s t r u c t u r e ,  were 
o b t a in e d .  The o rde red  phase  CuAu was co n s p ic u o u s ly  a b s e n t  and the  lack  
of any c o n c e n t r a t i o n  g r a d i e n t  in the t e rm in a l  m e ta l s  was a l s o  n o t e d .
Both of th e s e  phenomena a r e  c o n t r a r y  to  the  e s t a b l i s h e d  laws ot i n t e r -  
m e t a l l i c  d i f f u s i o n .  I t  was concluded t h a t  the  compound growth r a t e  
must be c o n t r o l l e d  by atomic  movements t a k in g  p la c e  a t  the i n t e r f a c e  in  
such a way as to  en s u re  b o th  the  c o r r e c t  o rd e r  and s t o i c h i o m e t r y .
Herzig  and Heumann3” s tu d i e d  the  d i f f u s i o n  of t i n  and gold  i r  gold  
r i c h  g o l d - t i n  s o l i d  s o l u t i o n s .  The s e l f - d i f f u s i o n  of t i n  and gold  were 
found to  i n c r e a s e  s t r o n g l y  w i th  i n c r e a s i n g  im p u r i ty  c o n t e n t .
M is ra  e t  a l . 3  ^ s t u d i e d  compound f o rm a t io n  in  the  Au -  Sn sys tem.
The h e a t s  of f o rm a t io n  of  AuSn, A u S^  and AuSn^ a t  2/ 5 K were found to 
be - 3 , 6 5 ,  - 3 , 3 8  and - 1 ,8 5  k c a l / g .  atom r e s p e c t i v e l y .  The s o l i d u s  temp­
e r a t u r e s  of the  t h r e e  compounds a l s o  d e c r e a s e  in  th e  same o r d e r , i n d i c a  
t i n g  t h e i r  r e l a t i v e  s t a b i l i t i e s .  The f r e e  energy of  fo rm a t io n  of  AuSn 
was g iv e n  as below:
A f ° [ o ,5 Au(s)  + 0 ,5  Sn(s)  = 0 ,5  AuSn(s ) ,  298° k) -  - 3 ,8 1  k c a l / g .  atom. 
k F °  [ 0 , 5  Au(s) + 0 ,5  S n ( l )  = 0 ,5  A u S n (s , l )  692nK (m .p t . ) ]
= - 2,93 k c a l / g .  atom.
The compounds formed have e s s e n t i a l l y  m e t a l l i c  and c o v a l e n t  bond ing ,  
t h e  io n ic  c o n t r i b u t i o n  be ing  low. This  i s  confirmed by the  low m e l t i n g  
p o i n t s  or  p e r i t e c t i c  decom pos i t ion  te m p e ra tu re s  of  the  compounds and 
t h e i r  low h e a t s  of f o r m a t io n .  The n i c k e l  a r s e n i d e  s t r u c t u r e  of AuSn 
has a low c / a  r a t i o  of 1 ,278 ,  i n d i c a t i n g  a low v a l u e  of the Madelung 
c o n s t a n t  and hence p redom inan t ly  m e t a l : i c  bonding .
In  a p p l i c a t i o n s  in v o l v in g  t h i n  gold  f i l m s  c a r r y i n g  h igh  c u r r e n t ,  
e l e c t r o m i g r a t i o n  may r e p l a c e  d i f f u s i o n  as the  dominant  method of mass
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38 . . .  5t r a n s f e r  . Under th e  a c t i o n  of h ig h  d e n s i t y  e l e c t r i c  c u r r e n t s  (10
2
amps/cm ) a t r a n s p o r t  of m e ta l  in  th e  d i r e c t i o n  of e l e c t r o n  f low  has 
been  obse rved .  This  movement of gold atoms,  in  c o n j u n c t io n  w i t h  the 
h igh  te m p e ra tu re s  d e v e l o p e d , may a c c e l e r a t e  the  fo rm a t io n  of  i n t e r m e t a l l i c  
compcxtnds.
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3.  THE DI SSOLUTION OF GOLD IN MOLTEN LEAD-TIN SOLDER
3.1  I n t r o d u c t i o n
Bader^ s tu d i e d  t h e  d i s s o l u t i o n  of v a r i o u s  m e t a l s , i n c l u d i n g  g o l d , i n
m o l te n  s o l d e r  by immersing a w ire  in  a s o ld e r  b a t h  f o r  a g iv e n  t ime and
then  examining th e  w ire  m i c r o s c o p i c a l l y  to  d e t e rm in e  t h e  d e c r e a s e  in
d i a m e t e r . A p l o t  of  d e c r e a s e  in  c i a m e l e r  v e r s u s  t ime y i e l d e d  a s t r a i g h t
19l i n e ,  the  s lo p e  of  which was the d i s s o l u t i o n  r a t e .  Lee found t h a t  
the  d i s s o l u t i o n  r a t e  ot a g o l d / 15% n ic k e l  a l l o y  was ex t re m e ly  low.
I t  was d e c id e d  to  s tu d y  the  d i s s o l u t i o n  of go ld  by a method d i f f e r e n t  
from t h a t  of Bader , i n  o rder  to  con f i rm  the  f a c t  t h a t  the  d i s s o l u t i o n  
r a t e  was c o n s t a n t  w i th  t im e .  Th is  was though t  u n l i k e l y  s i n c e  gold  forms 
i n t e r m e t a l l i c  compounds w i th  t i n  which a r e  s o l i d  a t  the  t e m p e ra tu re s  
s tu d i e d  (200 to  315°C). This  in c o n g ru e n t  d i s s o l u t i o n  w i l l  g i v e  r i s e  to  
a s o l i d  r e a c t i o n  p roduc t  lav t  a t  the g o l d / s o l d e r  i n t e r f a c e  and i t  was 
su sp e c ted  t h a t  t h i s  would cause  the  d i s s o l u t i o n  r a t e  to  d e c r e a s e  exponen­
t i a l l y .  B a d e r ' s  r e s u l t s  su g g es t  t h a t  the compound l a y e r  has no e f f e c t
upon the d i s s o l u t i o n  r a t e ,  s i n c e  f o r  the case  where no s o l i d  r e a c t i m  
39p ro d u c t  i s  formed ;
D i s s o l u t i o n  r a t e  = -dW - kAC
d t
where W = weight
A = area
C = c o n c e n t r a t i o n  of s o l v e n t .
A = 2 tf r  1
2W = tt r  1/9
T h e re fo re  r
and A = 2 # 1
T h e r e f o re  -dW = 2k -/r 1 2 W2C
dr. p
• 1 
= k W2
r  W d]'/ = k f t  d t
J  Wo W2 J o
i . e .  2 (Wo* -  W2) -  k ' t
T h e re fo re  a p l o t  of (Wo* -  W2) a g a i n s t  t  or  s imply W* a g a i n s t  t  should
2
g i v e  a s t r a i g h t  l i n e .  However, W i s  p r o p o r t i o n a l  to  r  , and t h e r e f o r e  
a p l o t  of r  a g a i n s t  t  should  y i e l d  a s t r a i g h t  l i n e ,  which was the case  
i n  B a d e r ' s  i n v e s t i g a t i o n .
I n  t h i s  i n v e s t i g a t i o n  a f l a t  gold p l a t e  was used i n s t e a d  of  a w i r e ,  
and the  d i s s o l u t i o n  r a t e  was ob ta ined  by measuring  w eigh t  l o s s  r a t h e r  
than  d e c r e a s e  in  t h i c k n e s s .
For a f l a t  p l a t e ,  n e g l e c t i n g  edge e f f e c t s ,  the  s u r f a c e  a r e a  A w i l l  
be c o n s t a n t ,  and t h e r e f o r e :
Z 'W dW = kAC ^  d t  
J Wo /  o
Wo -  W = k t
Hence a p l o t  of weigh t  l o s s  v e r s u s  time should g ive  a s t r a i g h t  l i n e ,  i f
t h e r e  i s  no d i f f u s i o n  b a r r i e r  c r e a t e d  to  slow down the r e a c t i o n .
19The a d d i t i o n  of  n i c k e l  to  gold  i s  claimed by Lee to  reduce  the 
d i s s o l u t i o n  i n  m ol ten  s o l d e r  t o  a very  low l e v e l .  Lee used an e l e c t r o -  
d e p o s i t e d  Au -  15% Ni a l l o y  in  h i s  i n v e s t i g a t i o n .  I t  was d e c id e d  to  
s tudy  t h e  d i s s o l u t i o n  of a l l o y s  manual a c lu r e d  by m e l t i n g  the  c o n s t i t u e n t s  
t o g e th e r  r a t h e r  than  by e l e c t r o d e p o s i l i o n .  Rapson s t a t e s  t h a t  e l e c t r o -  
d e p o s i t e d  Au -  Ni a l l o y s  a r e  s o l i d  s o l u t i o n s ,  though an u n s t a b l e  phase 
may be p r e s e n t  a t  low gold  c o n t e n t s  (23 to  26 atomic per  c e n t ) .  The 
Au -  Ni phase d ia gram , shown in  F ig u re  10,  r e v e a l s  t h a t  th e rm a l l y  -  
p r e p a re d  Au — Ni a l l o y s  f r e e z e  i n t o  s o l i d  s o 1u t ion in  a l l  p r o p o r t i o n s ,  
bu t  t h a t  a m i s c i b i l i t y  gap e x i s t s  a t  lower t e m p e r a t u r e s .  The n u c l e a t i o n
FIGURE 10 The Au Ni E q u i l i b r i u m  Diagram
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of the  s e g re g a t e d  Au — r i c h  and Ni ~ r i c h  phases  i s  d i f f i c u l t  and a 
s o l i d  s o l u t i o n  i s  r e t a i n e d  to  room te m pera tu re  by f a s t  c o o l in g  through 
the  m i s c i b i l i t y  g a p ^ 1 . The s p in o d a l  decom pos i t ion  of e l e c t r o p l a t e d  Au 
Ni s o l i d  s o l u t i o n s  to  form Au -  and Ni -  r i c h  phases  may be ach ieved  by 
h e a t - t r e a t m e n t  w i th  a r e s u l t a n t  d e c r e a s e  in  c o r r o s i o n  r e s i s t a n c e .
3 .2  Exper im en ta l  P rocedure  
The d i s s o l u t i o n  of gold in  mol ten  l e a d - t i n  s o ld e r  was s t u d i e d  by immersing 
a s m a l l ,  weighed gold  sample i n  a b a t h  of mol ten  s o l d e r  a t  a known 
te m pera tu re  f o r  a g iven  t ime.  The sample was then  removed, quenched in 
w a te r  and the  adher ing  s o ld e r  was d i s s o l v e d  away c h e m i c a l l y .  3 lie sample 
was then  re -w eighed  and the p e r c e n ta g e  w eigh t  l o s s  and w e igh t  l o s s  pet  
u n i t  a r e a  were c a l c u l a t e d .  F in e  gold  (99,99% by w eigh t )  and ch em ica l ly  
pu re  g rade  t i n  and lead  were used th ro u g h o u t .  Only s o l d e r  of the  e u t e c t i c  
com pos i t ion  was used ,  t h i s  be ing  made up by m e l t i n g  t i n  and le ad  to g e th e r  
i n  the  c o r r e c t  p r o p o r t i o n s  (63 wt.% t i n )  under a c ove r ing  of  a c t i v e  r e s i n  
f l u x  to  p r e v e n t  d r e s s i n g .  Samples of the s o ld e r  were taken  and examined 
under  the microscope  to  e n s u re  t h a t  the c o r r e c t  e u t e c t i c  s t r u c t u r e  had 
been o b t a i n e d , w i th  no pr im ary  t i n  or  lead  p r e s e n t .  A s o l d e r  b a t h  of 
0 ,3  ki logrammes was used and t h i s  was renewed when the gold  c o n t e n t  
eached 1%.
The fu rn a c e  used f o r  h e a t in g  the  s o l d e r ,  and th e  a p p a r a t u s  c o n s t r u c t e d  
f o r  lowering  the  gold t e s t  p i e c e  i n t o  the  b a t h  a r e  shown d i a g r a m a t i c a l l y  
in  F i g u r e  (11 ) .  The f u r n a c e  was h ea ted  by p a s s in g  an e l e c t r i c  c u r r e n t  
th rough  a nichrome r e s i s t a n c e  elemen t wound onto  an alumina tu b e ,  the 
te m pera tu re  be ing  measured w i th  a ch romcl/a lumel th e rm ocoup le .  The 
t e m p era tu re  i n  the s o l d e r  bo th  war. a t  f i r s t  r e g u l a t e d  by means of a 
v a r i a b l e  t r a n s fo rm e r  and an i n d i c a t i n g  c o n t r o l l e r ,  us ing  a mechanica l  
s w i tc h in g  d e v i c e ,  b u t  t h i s  was l a t e r  r e p la c e d  by a ' oI id—s t a t e  c 1e c L ro n i< 
c o n t r o l l e r .
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FIGURE 11 The A ppara tu s  Used For Measuring the  S o l u b i l i t y  of  Gold 
in  Mol ten So lde r
T h e r m o c o u p l e  L e e d s  
T o  C o n t r o l  I e r
l e a d s  t o  
C o n t r o l l e r
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In  the  f i r s t  s e t  of ru n s  p e r fo rm e d , s p h e r i c a l  go ld  t e s t  p i e c e s  
weighing a p p ro x im a te ly  1 gram were u sed .  The go ld  was m e l t e d  on a 
g r a p h i t e  b loc k  w i th  an o x y - a c e t y l e r e  f l am e ,  and due t o  t h e  i n a b i l i t y  
of g o ld  to  wet ca rbon ,  a s p h e r i c a l  bead was o b t a i n e d .  A v e r y  f i n e  ho le  
was d r i l l e d  th rough  the  c e n t r e  of  the  bead in  o rd e r  t o  suspend i t  from 
a t h i n  c o p p e r - b e r y l l i u m  a l l o y  w i r e .  The bead was then  annea led  a t  
800°C f or one h o u r .
The s o l d e r  b a th  was hea ted  to the  d e s i r e d  t e m p e ra t u re  ( e i t h e r  200,
220 or  2A0°C) and the  bead was coated  w i th  r e s i n  f l u x  p r i o r  to  immer­
s i o n .  I t  was a t  f i r s t  thought t h a t  no f l u x  would be need e d ,  due to  the 
i n h e r e n t  n o b i l i t y  of g o l d ,  b u t  i t  was i n  f a c t  found n e c e s s a r y  to  f l u x  
the gold i n  o rde r  to  o b t a i n  un i fo rm  w e t t i n g  and r e p r o d u c i b l e  r e s u l t s .
The f luxed  gold bead was then  lowered to  a p o i n t  j u s t  above the  s u r f a c e  
of th e  s o l d e r  b a t h , in  order  to  p rehea t  the  bead and a l low  e f f i c i e n t  
f l u x i n g  to  take  p l a c e .  A smal l  q u a n t i t y  of f l u x  was a l s o  added to  the 
b a th  j u s t  b e f o r e  immersion of  the bead ,  i n  o rder  t o  e n s u re  a ( l e a n ,  d r o s s -  
f r e e  s u r f a c e .
The bead was then  submerged i n  the s o l d e r  l o r  10 se c o n d s ,  removed 
and r a p i d l y  quenched i n t o  w a t e r .  Before  the  bead cou ld  be weighed to  
d e t e r m in e  the weight  l o s s ,  th e  s o l i d i f i e d  s o ld e r  ad h e r in g  to  i t  had to  
be removed,  by b o i l i n g  in c o n c e n t r a t e d  n i t r i c  a c i d  which d i s s o l v e d  th e  
s o l d e r  and g o l d / t i n  i n t e r m e t a l l i c  compounds bu t  d id  not  a t t a c k  the  g o ld .  
The bead was then  r e -w e ig h e d ,  f l u x e d  a g a in  and re - im m ersed  f u r  20 seconds .  
The p rocedu re  was r e p e a t e d ,  i n c r e a s i n g  the  immersion t ime by 10 seconds 
eac*' time up to  a maximum of 100 seconds .  S ince  the  gold  bead was 
c o n t i n u a l l y  d e c r e a s i n g  in s i z e ,  a l low ance  was made fo r  t h i s  by c a l c u l a ­
t i n g  th e  su r f  act a r e a  of the bead each  Unto, and c o n v e r t i n g  the w e igh t  
l o s s  to  w eigh t  l o s s  p e r  u n i t  a r e a .
The r e s u l t s  o b t a in e d  from t h i s  p r e l i m i n a r y  s tu d y  were h i g h l y  u n r e l -
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i a b i e  and many d e t e r m i n a t i o n s  were r e p e a t e d ,  o f t e n  w i th  no improvement
•  •  •  *
i n  p r e c i s i o n . I t  was a l s o  an ex t rem ely  leng thy  p r o c e d u r e , due mainly 
to  th e  f a c t  t h a t  the method of d i s s o l v i n g  away the ad h e re n t  s o l d e r  w i th  
n i t r i c  ac id  was v e ry  t ime-consuming .  The s o l d e r  was found t o  r e a c t  
r a p i d l y  a t  f i r s t  bu t  soon an  i n s o l u b l e  l a y e r  of  le ad  n i t r a t e  b u i l t  up 
on the  s u r r a c e  and th e  r e a c t i o n  slowed down d r a s t i c a l l y .  The j cad 
n i t r a t e  had to  be removed p e r i o d i c a l l y  by b ru s h in g  the  bead w i th  a s o f t  
w i r e  b rush .
The p rocedu re  was t h e r e f o r e  modif ied  as f o l l o w s :
1. I n s t e a d  of t h e  r e p e a t e d  use of the same specim en,  s e p a r a t e  specimens
of the same s i z e  anti weigh t  were used f o r  each immers ion . The new
specimens were made by r o l l i n g  down f i n e  gold s h e e t  t o  a t h i c k n e s s  
of 0 ,5  mm. and punching 5mm. square specimens  out  of t h i s  p l a t e .
A s p e c i a l  punch was made f o r  the  pur o s e , hav ing an i n t e r n a l  s e c t i o n
5 mm. squa re  and k n i f e  edges to  p rov ide  a c l e a n  c u t .  The punch was
made of h igh  carbon s t e e l  and quenched and tempered to  p r o v id e  a 
d u r a b l e  edge .  A f t e r  the  b la n k s  had been  punched o u t  and a smal l  
ho le  made in  one c o r n e r ,  they  were annea led  a t  800°C f o r  one hour 
to  remove work-harden ing  and r e s i d u a l  s t r e s s e s .  Th is  speeded up 
th e  p ro c e s s  c o n s i d e r a b l y ,  b u t  consumed more g o l d .
2. All  of the specimens were immersed i n  b o i l i n g  r e s i n  f l u x ,  c leaned
of r e s i d u e  by l i g h t  b ru s h in g  in  x y l o l ,  and then  s to r e d  under  a l c o h o l  
p r i o r  to  th e  d i s s o l u t i o n  t e s t s .
3 .  The d i s s o l u t i o n  of ad h e re n t  s o l d e r  in b o i l i n g  n i t r i c  ac id  was r e ­
p laced  by a method us ing c o n c e n t r a t e d  s u l p h u r i c  ac id  and po ta ss iu m  
hydrogen s u l p h a t e  (KtiSO^) . The specimens  were p la ced  in a s a t u r a t e d  
s o l u t i o n  of K1!S0/+ in c o n c e n t r a t e d  sulphur i<  a c i d ,  hea ted  g e n t l y  to 
decompose the  s o l d e r  and th e n  hea ted  v i g o r o u s l y  to  expe l  s u lp h u r  as 
hydrogen s u l p h i d e .  A spongy mass of l e a d  s u l p h a t e  remained  and t h i s
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was removed by the  a d d i t io n  o f  h y d r o c h lo r ic  a c i d .  This  method was 
v e r y  much more rap id  than the p r e v io u s  one, and when the  accuracy  
was checKed by f i r s t  t r e a t i n g  ten  specimens  by t h i s  method and then  
b o i l i n g  them fo r  t h r e e  hours in  c o n c e n t r a t e d  n i t r i c  a c i d ,  a maximum 
change i n  w eigh t  of 0 ,006  grams (0,3%) was obse rved .
These changes  improved the  r e s u l t s  c o n s i d e r a b l y  b u t  the p r e c i s i o n  
was s t i l l  p o o r . I t  was a p p a re n t  t h a t  the  d i s s o l u t i o n  r a t e  was ex t remely  
s e n s i t i v e  to  t e m p e ra tu r e  v a r i a t i o n s  and i t  was t h e r e f o r e  d e c i d e d  to 
improve the  c o n t r o l  of the  f u rn a c e  t e m p e r a t u r e . The c o n t r o l l e r  f i r s t  
used s u f f e r e d  from the d i s a d v a n t a g e  t h a t  the h e a t in g  c u r r e n t  was e i t h e r  
f u l l y  on or  com ple te ly  o f f . This  gave r i s e  to  a s i n u s o i d a l  v a r i a t i o n  
i n  t e m p e ra tu r e  which was a g g rav a ted  by the  time lag between h e a t i n g  of 
the  e lement and h e a t in g  of the  s o l d e r  b a t h ,  due to  the  low the rm al  
c o n d u c t i v i t y  of the a lumina tube  and c r u c i b l e . The. t e m p e ra tu r e  v a r i a t i o n  
was as much as 2°C above and below the  tem p era tu re  s e t  on t h e  c o n t r o l l e r ,  
and t h i s  was o b v io u s ly  e x c e s s i v e  f o r  such a t e m p era tu re  dependen t  r e a c ­
t i o n .
The problem was overcome by the  use of a s o l i d - s t a t e  c o n t r o l l e r  of 
the  f a s t - c y c l e ,  t h y r i s t o r  o u tp u t  ty p e ,  and by m o d i f i c a t i o n  of  the  f u r n a c e . 
The new c o n t r o l l e r  su p p l i e d  a pu lsed  c u r r e n t  to  the fu rnace  w ind ings ,  
and as the s e t  t e m p e ra tu re  was approached th e  p u l s e  r a t e  d e c r e a s e d  u n t i l  
t h e  system s t a b i l i s e d  a t  the  s e t  p o i n t .  The fu rn a c e  m o d i f i c a t i o n s  
inc luded  i n c r e a s i n g  the  r e s i s t a n c e  of thi f indings  t o  slow down the 
h e a t i n g  r a t e  and us ing  n v e ry  t h i n - w a l l e d  alumina tube  to  d e c r e a s e  
t e m p e ra tu re  d i f f e r e n c e s  between th e  clement and the  s o ld e r  h a t h .  A 
second thermocouple connec ted  t o  a p o te n t io m e te r  was in t ro d u c e d  as a 
check on th e  t em pera tu re  i n  the  s o l d e r  b a t h . The welded j u n c t i o n s  of 
b o th  thermocouples  were immersed d i r e c t l y  i n t o  the s o ld e r  i n  o rde r  to 
m in im ise  the time taken  to  respond to  changes of b a t h  t e m p e r a t u r e .  The
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j u n c t i o n s  were p r o t e c t e d  from a t t a c k  by the mol ten  s o l d e r  by a l low ing  
them to  o x i d i s e  s l i g h t l y  d u r in g  w e ld ing .
A f te r  t h e s e  m o d i f i c a t i o n s  had been comple ted ,  t h e  f u r n a c e  tem p era tu re  
was checked and found to  be e x t re m e ly  s t a b l e .  The maximum te m p era tu re  
v a r i a t i o n  r e c o rd e d  on the  r e f e r e n c e  p o te n t io m e te r  was -  0 ,01  mJ. (+ 0 ,25  C) 
a t  200°C.
I n  o rder  t o  check the  p r e c i s i o n  of the  improved e x p e r i m e n t a l  
p ro c e d u re ,  5 samples were immersed f o r  60 seconds each  i n  a s o l d e r  b a t h  
a t  ?20°C. The a d h e re n t  s o ld e r  was d i s s o l v e d  away and th e  samples  were 
r ew e ighed .  The mean w eight  l o s s  per  u n i t  a r e a  was 1,07 x 10 grams/mm
and the  s t a n d a rd  d e v i a t i o n  was 3 ,5  x 10 ’ grams/mm or app rox im ate ly  3%.
The ex p e r im e n ta l  p rocedu re  was now judged t o  be s a t i s f a c t o r y ,  and 
i t  was dec ided  to  r e j e c t  a l l  the  r e s u l t s  of the  p r e v i o u s  r u n s .  Three 
new runs  were  per fo rm ed ,  a t  200, 220 and 240 C. These t e m p e ra tu r e s  
were s e l e c t e d  to  l i e  i n  the range  between the s o l i d i f i c a t i o n  of the 
s o l d e r  a t  183CC and th e  c a t a s t r o p h i c  d i s s o l u t i o n  r e p o r t e d  by Bader above 
252°C. This  was a t t r i b u t e d  to  the p u r i t e c t i c  d eco m p o s i t io n  of AuSn^ 
above 252°C, acc o rd in g  to  the Au -  Sn phase d iag ram  (see  F ig u r e  2 ) .
Workers s tu d y in g  the  Au -  Pb -  Sn t e r n a r y  d ia g ra m ,  however,  have found 
t h i s  r e a c t i o n  to occur in  the r ange  205 to  208 C * . The ex p e r im e n ta l
work showed 240°C to  be the p r a c t i c a l  maximum te m p e r a t u r e  anyway, s in c e  
th e  gold t e s t - p i e c e s  had almos t  c om ple te ly  d i s s o l v e d  a f t e r  immersion f o r  
100 seconds a t  t h i s  t e m p e ra tu re .
The i n v e s t i g a t i o n  was f u r t h e r  extended to  s tu d y  the  e f f e c t  of 
a l l o y i n g  the  gold w i th  n i c k e l .  The p rocedu re  remained as b e f o r e ,  excep t  
t h a t  the t e s t - p i e c e s  c o n s i s t e d  of an Au -  Ni a l l o y  i n s t e a d  of the pure  
g r i d  used p r e v i o u s l y .
An a l l o y  c o n t a in in g  5 w eigh t  per  cen t  n i c k e l  was made up by m e l t ing  
th e  r e q u i r e d  w eigh ts  of f i n e  gold  and n i c k e l  t o g e t h e r  i n  an a lumina
c r u c i b l e  i n  a r e s i s t a n c e  hea ted vacuum f u r n a c e , which had been f lu s h e d  
with  argon to  remove any oxygen.  Mel t ing was performed a t  1150°C a f t e r  
which the  fu rn a c e  was coo led  s low ly  to  900C C to  p r e v e n t  s e g r e g a t i o n  
dui ing  s o l i d i f i c a t i o n .  The f u r n a c e  was then  cooled to  room te m p e ra tu re  
in  app rox im a te ly  f i v e  m inu te s  by f l u s h i n g  w i th  argon.  The a l l o y  bead 
was p o l i sh e d  and examined under the  microscope  a f t e r  e t c h in g  w i th  aqua 
r e g i a ,  in  o rde r  to  en s u re  t h a t  a s i n g l e - p h a s e  s o l i d  s o l u t i o n  had been 
a c h i e v e d .  The bead was then  r o l l e d  down to  produce a 0 , 5  ram. t h i c k  
s h e e t .  During the  r o l l i n g  the  a l l o y  work-hardened to  tucb  an e x t e n t  
t h a t  i t  had to  be annea led  a t  800°C f o r  one hour to  e n ab le  the  nece ssa ry  
r e d u c t i o n  to  be ach iev ed .  The f i n a l  s h e e t  was a l so  annea led  a t  800°C 
to  remove w ork-harden ing  e f f e c t s .  I t  was n o t i c e d  t h a t  a g re e n  s u r f a c e  
d i s c o l o u r a t i o n  was produced d u r in g  an n e a l in g  and t h i s  was thought to  be 
n i c k e l  o x id e .  The s t a i n i n g  was removed by t r e a tm e n t  w i th  c o n c e n t r a t e d  
n i t r i c  a c i d .  A f t e r  r o l l i n g  and a n n e a l in g  the  s h e e t  had l o s t  0 ,0 4  grams 
from i t s  o r i g i n a l  w e igh t  of  11,609 grams,  and i f  t h i s  i s  assumed t o  
have been n i c k e l ,  the  f i n a l  com pos i t ion  was 4,67% n i c k e l  by w e ig h t .
F iv e  mm. s quare  t e s t - p i e c e s  were punched out  of  t h i s  p l a t e ,  and a 
d i s s o l u t i o n  t e s t  was performed a t  240°C. The h i g h e s t  t e m p era tu re  was 
chosen  in  o rder to  maximise any d i f f e r e n c e s  i n  behaviour  between the  
a l l o y  and the pure  g o l d .  I t  had a l s o  been hoped to  s tudy  a l l o y s  con­
t a i n i n g  10 and 15 weight  per  c e n t  n i c k e l ,  bu t  th e se  proved t o  be so 
hard and b r i t t l e  t h a t  they could not  be r o l l e d  and c u t  i n t o  t e s t - p i e c e s .  
An Au -  15% Ni a l l o y  was p r e p a r e d ,  which proved to  be s i l v e r  i n  co lour  
and so b r i t t l e  t h a t  i t  developed  r a d i a l  c r a c k s  on the f i r s t  passage  
th rough the  r o l l s .  I t  a l s o  could n o t  be. annea led  com ple te ly  because  
of s e v e r e  l o s s  of n i c k e l  by o x i d a t i o n .  For th e s e  r e a s o n s ,  the  s tudy  
had to  be l i m i t e d  to  an Au -  5% Ni a l l o y .
3 . 3  R e s u l t s  and D is cu s s io n
42
The r e s u l t s  of t h e  d i s s o l u t i o n  t e s t s  f o r  b o th  pure g o ld  and the  Au -  Ni 
a l l o y  a r e  shown i n  F i g u r e  (12 ) .  The p l o t s  of w t . l o s s / a r e a  a g a i n s t  
immersion t ime y i e l d  a s t r a i g h t  l i n e  i n  every  c a s e , conf i rm ing  the 
r e s u l t s  of  B ad e r . The l i n e  fo r  the  Au -  5% Ni a l l o y  shows an i n i t i a l  
r a p i d  d i s s o l u t i o n  r a t e , s i m i l a r  t o  t h a t  of pure  g o ld ,  fo l lowed  by a 
much lower r a t e .  Th i s  was p robab ly  due to  th e  l o s s  o f  n i c k e l  from the 
s u r f a c e  l a y e r  of  the  s h e e t  d u r in g  a n n e a l in g .
The most obv ious  f a c t  which can be seen  from F i g u r e  (12) i s  t h a t  
th e  i n f l u e n c e  of  t e m p e ra tu re  upon the  d i s s o l u t i o n  r a t e  i s  p ro found .  A 
r i s e  in  t e m pera tu re  of 20°C app rox im ate ly  doub le s  t h e  d i s s o l u t i o n  r a t e .  
The d i s s o l u t i o n  r a t e  i s  g iv e n  by s lo p e  of the l i n e  i n  each c a s e ,  as
below:
Tempera ture (°C) D i s s o l u t i o n  Rate (gm/imr/Vsec. x 10 ~>)
200 0 ,56
220 1,48
240 2,93
Au -  5% Ni 240 0 ,88
The maximum d i s s o l u t i o n  r a t e  was r e c o rd e d  a t  240°C. I f  th e  u n i t s  
a r e  conver ted  to  m i c r o n s / s e c o n d , t h i s  co r responds  t o  a d i s s o l u t i o n  r a t e  
of  1,7 m icrons / second  on each  s id e  of  the  t c s t - p i e c e .  B a d e r ' s  e x p e r i ­
ments  u s in g  a gold  w i r e ,  y i e ld e d  r a d i a l  d i s s o l u t i o n  r a t e s  of 3 and 4 
m ic rons / second  a t  232 and 252°C r e s p e c t i v e l y .  However, as  p o in t e d  out  
in  the  i n t r o d u c t i o n  to  t h i s  c h a p t e r ,  the  l i n e a r  d i s s o l u t i o n  r a t e  f o r  a 
p l a t e  should be the  s q u a re  r o o t  of  t h a t  f o r  a w i re ,  s i n c e  t h e  a r e a  ol a
p l a t e  remains  c o n s t a n t  w h i l e  t h a t  of a w ire  d e c r e a s e s  by a te rm in v o lv in g  
2( r a d i u s )  . Thus the agreement w i th  the  r e s u l t s  of Bader is  f a i r l y  c l o s e .
The a d d i t i o n  of as  l i t t l e  as 5% of n ic k e l  to the gold  d e c r e a s e s  i t s  
s o l u b i l i t y  m arked ly .  The r e a s o n  f o r  t h i s  i s  n o t  c l e a r ,  f o r  w h i l e  n i c k e l  
i s  i n s o l u b l e  in s o l d e r ,  a l a t t i c e  of gold atoms c o n t a in in g  n i c k e l  in  
t h e s e  low p r o p o r t i o n s  should be s o l u b l e . No n i c k e l - r i c h  phase  could be
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d i s t i n g u i s h e d  under the microscope  and any n i c k e l  ox ide  which may have 
formed on the s u r f a c e  shou ld  have been d i s s o l v e d  j.n the c o n c e n t r a t e d  
n i t r i c  ac id  w i th  which t h e  p l a t e  was t r e a t e d  a f t e r  a n n e a l i n g . I f  a 
n i c k e l  oxide  f i l m  had been p r e s e n t , the s o l d e r  would have had d i f f i c u l t y  
i n  w e t t i n g  the s u r f a c e ,  b u t  t h i s  was no t  found to  be a problem.
N icke l  i s  n o t  r e a d i l y  wet ted  by s o l d e r , however,  and th e  a d d i t i o n  
of  smal l  amounts of  n i c k e l  to gold  may reduce  the w e t t a b i l i t y ,  th e re b y  
d e c r e a s i n g  the d i s s o l u t i o n  r a t e .
3 .4 C o n c lu s io n
The d i s s o l u t i o n  of gold  in  mol ten  s o l d e r  i s  v e r y  r a p i d  and h i g h l y  
t e m p e r a t u r e - d e p e n d e n t . The. d i s s o l u t i o n  r a t e  i a  n o t  d e c r e a s e d  by the 
fo r m a t io n  of s o l i d  g o l d / t i n  i n t e r m e t a l  l i e  compounds a t  the i n t e r f a c e .
The on ly  e x p l a n a t i o n  f o r  t h i s  i s  t h a t  th e s e  compounds must d i s s o l v e  
i n t o  the  s o l d e r  as r a p i d l y  as they  are fo rmed ,  thus  p r e v e n t i n g  the  
b u i l d - u p  of a mass ive  i n t e r f a c i a l  compound l a y e r .
A gold -  5% n ic k e l  a l l o y  was found to  d i s s o l v e  a t  app rox im a te ly  
o n e - t h i r d  of the  r a t e  of  pure g o l d .  The r e a s o n s  f o r  t h i s  a r e  no t  
a p p a r e n t ,  and t h i s  i s  a f i e l d  wor thy )f f u r t h e r  s tu d y .  If  th e  c o r r o s i o n -  
r e s i s t a n c e  and so lde r  a b i l i t y  of g o l d / n i c k e l  a l l o y  e l e c t r o p l a t e  prove 
s a t i s f a c t o r y ,  the  re p la c e m e n t  of go ld  p l a t e  by t h i s  m a t e r i a l  may 
p r e s e n t  i n t e r m e t a l l i c  compoural f o rm a t io n  and e m b r i t t l e m e n t  of s o ld e r e d  
j o i n t s .
At 200°C, which i s  the  lowest  p r a c t i c a l  s o ld e r in g  temperature,  
the d i s s o l  f ion  ra te  was found to be 0 ,56  x 10 ’ gm./mm' /  second , which 
corresponds to approximately 0 ,4  microns/second.  Thus commercially  
used gold p l a t e ,  which i s  t y p i c a l l y  3 to  5 microns in  th i c k n e s s ,  w i l l  
disso lve-  complete ly  in  approximately 10 seconds,  even at t h i s  low 
temperature.  The recommendation that  so ld er ing  temperature and time be 
kept to a minimum i s  there fore  of l i m i t * 1 v a l u e .
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d i s t i n g u i s h e d  under  the microscope  and any n i c k e l  ox ide  which may have 
formed on the s u r f a c e  should have been d i s s o l v e d  in  the  c o n c e n t r a t e d  
n i t r i c  ac id  w i th  which the  p l a t e  was t r e a t e d  a f t e r  a n n e a l i n g . I f  a 
n i c k e l  ox ide  f i l m  had been p r e s e n t , the  s o l d e r  would have had d i f f i c u l t y  
i n  w e t t i n g  the  s u r f a c e ,  b u t  t h i s  was no t  found  to  be a problem.
Nicke l  i s  no t  r e a d i l y  w et ted  by s o l d e r , however , and th e  a d d i t i o n  
of  small  "■mounts of n i c k e l  to gold  may reduce  the  w e t t a b i l i t y ,  the reby  
d e c r e a s i n g  the d i s s o l u t i o n  r a t e .
3 . 4  Conclus ion
The d i s s o l u t i o n  of gold  in  m o l ten  s o l d e r  i s  v e r y  r a p i d  and h i g h l y  
t e m p e ra t u r e -d e p e n d e n t .  The d i s s o l u t i o n  r a t e  i s  n o t  d e c r e a s e d  by the 
fo r m a t io n  of s o l i d  g o ld /1  in  i n t e r m e t a l 1i c  compounds a t  the i n t e r f a c e .
The only  e x p l a n a t i o n  f o r  t h i s  i s  t h a t  th e se  compounds must d i s s o l v e  
i n t o  the s o l d e r  as  r a p i d l y  as they  a rc  fo rmed ,  thus  p r e v e n t i n g  the  
b u i l d - u p  of a m ass ive  i n t e r f a c i a l  compound l a y e r .
A gold  -  5% n i c k e l  a l l o y  was found to d i s s o l v e  a t  app rox im a te ly  
o n e - t h i r d  of the r a t e  of pure  g o l d . The r e a s o n s  f o r  t h i s  a re  not  
a p p a r e n t ,  and t h i s  i s  a f i e l d  worthy >f f u r t h e r  s tu d y .  If  the  c o r v o s io n -  
r e s i s t a n c e  and so ld e r  a b i l i t y  of g o l d / n i c k e l  a l l o y  e l e c t r o p l a t e  prove 
s a t i s f a c t o r y ,  the r e p la c e m e n t  of go ld  p l a t e  by t h i s  m a t e r i a l  may 
p reven t  i n t e r r n e t a l l i c  compound fo rm a t io n  and e m b r i t t l e m e n t  of s o ld e r e d  
j o i n t s .
At 200°C, which i s  the lowest  p r a c t i c a l  s o ld e r i n g  temperature,
- 5  2
the d i s s o l u t i o n  r a te  was found to be u ,% x  1 0  gm. /mm' /  second, which 
corresponds to approximately 0 ,4  microns/second.  Thus commercially 
used gold  p l a t e ,  which i s  t y p i c a l l y  3 to  r> microns in  t h i c k n e s s , w i l l  
d i s s o l v e  complete ly  in approximately 10 econds,  even at t h i s  low 
temperature.  The recommendation that  so ld er ing  temperature and time be 
kept to a  minimum i s  th ere fore  of l imited v a l u e .
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4.  COMPOUND FORMATION DURING SOLDERING TO GOLD
4.1  I n t r o d u c t i o n
I n t e r m e t a l l i e  compounds, u s u a l l y  in  the  form of a c i c u l a r  c r y s t a l s , have
been  observed i n  the  g r e a t  m a j o r i t y  of j o i n t s  made between go ld  o r  g o ld -
p l a t e d  s u r f a c e s  u s in g  a l e a d - t i n  s o l d e r . Severa l  i n v e s t i g a t o r s
^  have assumed t h i s  compound to  be. AuSn^ and have noted i t s  occurence
b o th  as need! s i n  th e  s o ld e r  and as a con t inuous  f i l m  a t  the g o l d /
s o l d e r  i n t e r f a c e .  I t  has a l s o  been sugges ted  t h a t  the  i n t e r f a c i . u l
compound l a y e r  i s  i n  f a c t  AuSn^*. E l e c t r o n  m icroprobe  s t u d i e s  r e p o r t e d
2 1 .i n  a rev iew  by Thw ai tes  i n d i c a t e d  t h a t  b o th  the a c i c u l a r  compound and 
th e  i n t e r f a c i a l  compound were AuSn^ which con ta ined  up to  19% l e a d .
In view of the u n c e r t a i n t y  p r e v a i l i n g  as t o  the  exac t  n a t u r e  of
th e  compound c r  compounds formed,  i t  was dec ided  to  s tudy  the. m e t a l l ­
u r g i c a l  r e a c t i o n s  which occur  between gold  and t i n  d u r in g  s o l d e r i n g  and
27 28ageing  a t  e l e v a t e d  t e m p e r a t u r e s . P r i n c e  ’ and Karnowsky and 
29Rosenzweig have shown t h a t  lead w i l l  not  form any compounds u n t i l  the 
g o ld  c o n te n t  of  the  s o l d e r  exceeds  50 atomic per  c e n t .
23From thermodynamic d a t a  pub l i she d  by H u l tg ren  e t  a l  , t h e  f r e e  
e n e r g i e s  of f o rm a t io n  of the  compounds AuSn, AuSn,; and AuSn^ h a v e  been 
c a l c u l a t e d  a t  v a r i o u s  t e m p e ra tu r e s .
These a r e  g iv e n  in  the  t a b l e  below:
Tempei i tu rc  F ree  Energy of Forma t i o n
(°K) (°C) (k i lo jo t i  l e s / g  . - a t om)
AuSn AuSn,; AnUn^
298 25 -14,923 -12 ,623  -7 ,5 6 5
473 200 -14 ,747  -11 ,850  -7 ,3 4 8
493 220 -1 4 ,7 1 8  -11 ,795  - 7 ,3 7 8
513 240 -14 ,688  -1 1 ,7 2 0  -7 ,386
Thus a l l  t h r e e  compou ids a re  s t a b l e  to  room te m p e r a t u r e ,  w i th  the
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s t a b i l i t y  d e c r e a s i n g  i n  the  o rd e r  AuSn, AuSn„, AuSn^.
4.  2 Exper im en ta l  Work and Resu 1.1 s 
In  a p r e l i m i n a r y  s tu d y ,  specimens were made up by m e l t i n g  le a d  t i n  
s o l d e r  of the  e u t e c t i c  composi t ion  around smal l  g o ld  b eads .  An e l e c t r i c ­
a l l y - h e a t e d  s o l d e r i n g  i r o n  w i th  a t e m p era tu re  r e g u l a t e d  t i p  was used to 
p r e p a r e  the  s p ec im en s , and the t e m p e ra tu re  of t h e  t i p  was measured by 
means of  a thermocouple  and found to  be in  the  r a n g e  340 -  380°C. A 
commercia l ly  a v a i l a b l e  r e s i n  f l u x  was used to  e n s u r e  the p r o d u c t i o n  of 
a sourri bond between the  gold  and the s o l d e r .
V a r ious  type s  of specimen were, produced and th e  m i c r o s t r u c t  u res
o b ta in ed  a re  d e s c r i b e d  below:
a)  Small gold  s u b s t r a t e  w i th  a l a r g e  s o l d e r  f i l l e t .  (High s o l d e r i n g  
t e m p e r a t u r e ) .
I n  t h i s  c a s e ,  the  w eigh ts  of the  g o ld  bead and the  s o l d e r  f i l l e t  
were approx im ate ly  e q u a l .  The golu bead was p r e h e a t e d  on a g l a s s  p l a t e  
an! the s o l d e r  was t h e n  melted  around i t .  The s o l d e r  was seen  to  wet 
th e  gold and then  a sudden,  r a p i d  r e a c t i o n  was obse rved  and a s o l i d ,  
g r a n u l a r  r e a c t i o n  p ro d u c t  which com ple te ly  su r rounded  the  gold  was 
fo rm ed . The j o i n t  was s e c t i o n e d  and observed under th e  m ic roscope ,  
where the  gold  was found to  have been c a t a s t r o p h i c a l l y  a t t a c k e d  by the  
s o l d e r , (See P lc^e  1) le ad ing  to  the p ro d u c t i o n  of  an i n t e r m e t a l . l i e  
compound which was s o l i d  a t  he s o l d e r i n g  t e m p e r a t u r e ,  and was t h e r e f o r e  
i d e n t i f i e d  as AuSn. Th i s  b e a r s  out  the  f i n d i n g s  of  Bader7 th a t  a t  
h igh  te m p e ra tu r e s  go ld  d i s s o l v e s  very  r a p i d l y  due to  the  i n s t a b i l i t y  of
AuSn/(.
b) Large gold s u b s t r a t e  w i th  a small s o l d e r  l i l l e t .  (how s o l d e r i n g  
t e m p e r a t u r e ) .
In h i s  c a s e ,  the g o ld  was not p chea ted  and a smal l  amount of so ldo  
was used i n  an a t t e m p t  to  keep the tem p era tu re  lov enough t o  p re v e n t
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s t a b i l i t y  d e c r e a s i n g  in  th e  o rde r  AuSn, AuSn^, AuSn^.
4 .2  E xper im en ta l  Work  and Res u l t s  
I n  a p r e l i m i n a r y  s t u d y , specimens were made up by m e l t i n g  l e o d - t i n  
s o l d e r  of the  e u t e c t i c  com posi t ion  around sm al l  go ld  b e a d s . An e l e c t r i c  
a l l y - h e a t e d  s o l d e r i n g  i r o n  w i th  a t e m p era tu re  r e g u l a t e d  t i p  was used to 
p r e p a r e  the  s pec im ens , and the t e m p era tu re  ol the  Lip wa mease; ed by 
means of a thermocouple and found t o  be in  th e  range  340 -  380 C. A 
commercia l ly  a v a i l a b l e  r e s i n  f l u x  was used t o  e n s u re  the p r o d u c t i o n  of 
a sourtl bond between the go ld  and the  s o l d e r .
V ar ious  types  of  specimen were produced and the m t c r o s l r u c l u r e s
o b ta in ed  are  d e s c r i b e d  below.
a)  Small gold  s u b s t r a t e  w i th  a l a r g e  s o l d e r  f i l l e t .  (High s o l d e r i n g  
t e m p e r a t u r e ) .
I n  t h i s  c a s e , the  w eigh t s  of t h e  go ld  bead and th e  s o ld e r  f i l l e t  
were app rox im ate ly  e q u a l .  The gold bead was p r e h e a t e d  on a g l a s s  p l a t e  
and the. s o ld e r  was t h e n  mel ted  around i t .  The s o ld e r  was s een  to  wet 
the  gold and then  a sudden ,  r a p id  r e a c t i o n  was observed  and a s o l i d ,  
g r a n u l a r  r e a c t i o n  p roduc t  which c om ple te ly  sur rounded the  gold was 
£ ormed. The j o i n t  was s e c t i o n e d  and observed under t h e  m ic roscope ,  
where the  gold was found t o  have been c a t a s t r o p h i c a l l y  a t t a c k e d  by the  
s o l d e r , (See P l a t e  1) l e ad in g  to  the p r o d u c t i o n  of an i n t e r m e t a l l i e  
compound which was s o l i d  a t  the s o l d e r i n g  t e m p e r a t u r e ,  and was t h e r e f o r e  
i d e n t i f i e d  as AuSn. T h i s  b e a r s  o u t  the f i n d i n g s  of  Bader7 th a t  a t  
h igh  t e m p e ra tu r e s  gold  d i s s o l v e s  very  r a p i d l y  due to  the  i n s t a b i l i t y  of
AuSn..4
b) Large gold s u b s t r a t e  w i th  a small  s o l d e r  I 11 l o t . (Low sole ei ing 
t e m p e r a t u r e ) .
In t h i s  c a s e ,  the g o ld  was not p chea ted  and a smal l  amount of s o l d e r  
was used in  an a t t e m p t  to  keep the  t e m p e ra tu re  low enough t o  p reven t
P l a t e  1
Gold s o l d e r e d  a t  h ig h  t e m p e r a t u r e . The gold has  been  
s e v e r e l y  a t t a c k e d , w ith  r e s u l t a n t  mass ive fo rm a t io n  of  
AuSn. Une tched.
P l a t e  2 (X i\ 0 0 )
Go I d / s o l d e r  i n t e r f a c e  of a f luxed  specimen.  Note the 
c o n t i n u o u s  compound layer  a t  the in te r f .M  and the  
a c i c u l a r  compound in  the  s o l d e r  ad j a c e n t  to  i t .
Etched w i th  HNOj/CH-COOH in g l y c e r i n e .
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P l a t e  1 (X
Gold s o l d e r e d  a t  h igh  t e m p e r a t u r e . The gold has  been  
s e v e r e l y  a t t a c k e d ,  w i th  r e s u l t a n t  mass iv< f o rm a t io n  of 
AuSn. U ne tched .
P l a t o 2 (X 400)
C o l d / s o l d e r  i n t e r l a c e  of a f lu x ed  specimen.  Note the 
con t inuous  compound laye r  a t  the in  to r  I u c  and the  
a c i c u l a r  compound in  the s o l d e r  a d j a c e n t  to  i t .
Etched wi th UNC /^Cl^COOH in g ly c e r i n e .
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c a t a s t r o p h i c  d i s s o l u t i o n .  Two specimens were p r e p a r e d ,  one w i th  and 
one w i th o u t  f l u x .  I n  the. un f luxed  c a s e ,  a c o n t a c t  ang le  of approx­
im a te l y  45° between the  go ld  and th e  s o l d e r  was o b t a i n e d ,  w h i l e  i n  tne 
f l u x e d  c a s e , t h i s  ang le  was app rox im ate ly  10 .
When th e  j o i n t s  were s e c t i o n e d  and examined m i c r o s c o p i c a l l y ,  a t h i n  
w h i te  l a y e r  of i n t e r m e t a l l i c  compound was observed  a t  the  ■n t e r - o c e  
be tween the  gold  and the s o l d e r , as well as  a c i c u l a r  c r y s t a l s  in  the 
s o ld e r  a d j a c e n t  t o  th e  compound l a y e r . In  the f l u x e d  specimen t h i s  
l a y e r  was c o n t in u o u s  ( P l a t e  2) w h i le  in  the u n f lu x e d  spt -^men th e re  
were a r e a s  where no compound had fo rm ed , due to  bad w e t t i n g  of the  gox.i . 
The i n t e r f a c i a l  compound l a y e r  was too  t h i n  t o  be i d e n t i f i e d  under the 
m ic roscope ,  and th e  a t t e m p t s  made to  i d e n t i f y  t h i s  l a y e r  w i l l  be d e s c r ib e d  
in  the  fo l lo w in g  s e c t i o n  of t h i s  c h a p t e r .
The above two specimens .’'vr c  then  aged a t  100 C f o r  120 d a y s ,  in
o rd e r  t o  d e te rm in e  whether  the  i n t e r f a c i a l  compound laye r  i n c r e a s e d  ir.
t h i c k n e s s .  The specimens were immersed i n  an o i l  b a t h  which was kept
in  an oven r e g u l a t e d  a t  100°C. When the  specimens were re -exam ined  
a f t e r  the  ageing t r e a t m e n t ,  the compound l a y e r  was seen  to  have  in c re a s ed  
g r e a t l y  i n  t h i c k n e s s ,  and was a l s o  now seen t o  c o n s i s t  of two compoundo 
w i th  a s h a r p ly  d e f i n e d  j u n c t i o n  between them (See P l a t e s  3 and 4 ) .
Thu specimens were n o t  e t c h e d ,  b u t  a d i f f e r e n c e  in  h a rd n e s s  gave  r i s e  to  
a r e l i e f  e f f e c t  on p o l i s h i n g ,  which se rved  to  d e l i n e a t e  th e  boundary 
between the  two compounds. In  the case  of  th e  f l u x e d  j o i n t ,  t h e  t o t a i  
t h i c k n e s s  of the  compound l a y e r  hid  i n c r e a r e d  from 6 to  f>0 m ic rons  
d u r in g  the  ageing  t r e a t m e n t .  The s t r u c t u r e  of th e  l e a d - t i n  e u t e c t i c  
s o ld e r  was a l s o  seen to  have coarsened  c o n s i d e r a b l y  d u r in g  t h e  ageing 
t r e a t m e n t . A h igh  p r o p o r t i o n  of f r e e  lend was p r e s e n t  immediate ly  
i d j a c e n t  to  the  compound l a y e r ,  due to  the consumption of t i n  by r e a c t i o n  
w i th  go ld  d u r in g  a ge ing .
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P l a t e  3 (X 50)
Fluxed specimen a f t e r  age ing  a t  100 C f o r  120 days .  
There has been ^ e f i n i t e  growth of t h e  compound l a y e r  
which can now be r e s o lv e d  i n t o  two d i s t i n c t  compounds 
Unetched -  compounds d i s t i n g u i s h e d  by r e l i e f  e f f e c t  
a f t e r  long  p o l i s h i n g .
Unfluxed Specimen a f t e r  ageing a t  100°C fo r  120 day s .  
Again t h e r e  has been c o n s i d e r a b l e  growth ot the dup lex  
compound l a y e r .  U ne tched .
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In  o rd e r  to  d e t e r m in e  whether two compounds were formed on s o l d e r i n g ,  
or  whether  th e  second compound o n ly  appeared  d u r ing  a g e i n g ,  a s m a l l ,  
f l u x e d  go ld  s p h e re  was he ld  in  a sm al l  volume of s o l d e r  a t  200 C fo r  
300 seconds ,  a f t e r  which th e  s o l d e r  was a l lowed  to  s o l i d i f y . Ihe 
specimen was then  s e c t i o n e d  and examined. Th is  method produced an 
i n t e r f a c i a l  compound l a y e r  of 10 to  15 m icrons  i n  t h i c k n e s s , e n a b l in g  
m ic ro s c o p ic  ex am in a t io n  a t  r e a s o n a b l e  m a g n i f i c a t i o n .  The specimen was 
e tched  in  a s o l u t i o n  of 15% n i t r i c  ac id  and 15% a c e t i c  ac id  i n  g l y c e r i n e
b e f o r e  e x a m i n a t i o n .
Th i s  specimen r e v e a l e d  two compounds a t  the  i n t e r f a c e ,  i n  the  form 
of a  t h i n  c o n t in u o u s  l a y e r  a d j a c e n t  to  the  s o l d e r  ( P l a t e s  j  ana 6 , .  
M a t e r i a l  which appeared  to  have broken  away from th e  o u t e r  compound 
l a y e r  was a l s o  p r e s e n t  to  a c o n s id e r a b l e  d i s t a n c e  i n t o  t h e  b u lk  of the 
s o l d e r , whi le  f r e e  lead  was once a g a i n  observed  a d j a c e n t  to  t h e  compound 
l a y e r .
4 . 2 .1  The I d e n t i f i c a t i o n  of Compounds Formed Dur ing  S o ld e r in g  
and Ageing
Xt ay powder d i f f r a c t i o n  methods were used i n  an a t t em p t  to  i d e n t i f y  the
compounds formed a t  the  g o l d / s o l d e r  i n t e r f a c e  d u r in g  s o l d e r i n g  and ageing
The powder d i f f r a c t i o n  index  was found  t o  c o n t a i n  d - s p a c in g  d a t a  f o r  gold
t i n ,  lead  and the  compound AuSn, b u t  no t  f o r  the  compounds AuSn2 and
AuSn . I t  was t h e r e f o r e  n e c e s s a r y  to  d e t e rm in e  th e  d - s p a c i n g s  f o r  th e s e  
A
compounds and t h i s  e n t a i l e d  t h e i r  p r e p a r a t i o n  from th e  p u t e  c o n s t i t u e n t  
m e t a l s .
The t h r e e  compounds AuSn, AuSiv, and AuSn^ wt r e  p rep a red  by m e l t i n g  
the c o r r e c t  w e ig h t s  of go ld  and t i n  to go th  -t i n  g r a p h i t e  c r u c i b l e s  under  
a c ove r ing  of  ca rbon  to  p r e v e n t  l o s s  of  Lin by o x i d a t i o n . the tempera­
t u r e s  a t  which th e  a l l o y s  were manufac tu red  and annea led  were s e l e c t e d  
from t h e  Au-Sn phase  diagram (F igu re  (2 ))  as  in  the  t a b l e  below:
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P l a t e  5
Gold and s o l d e r  r e a c t e d  at 20U°C fo r  f i v e  m i n t u e s . 
Note th e  compound la y e r  at the i n t e r f a c e  and the 
a c i c u l a r  compound in  the hulk  of the s o l d e r . Etched 
w i th  HNO^ZCH^COOH in  g l y c e r i n e .
P l a t e  6  ( X  350)
P l a t e  5 a t  h i e h e r  m a g n i f i c a t i o n .  Note th e  dup lex  
compound l a y e r  and the  t r i e  le ad  a d j a c e n t  to  i t .  
Etched w i th  HNO^/LH^COOH in  g l y c e r i n e .
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Compound M elt ing  Po int  or Decompo_- Manufa c t u r in g  A n n ea ling_
s i t i o n  Temperature (°C) Temperature Temperatur e  ( C).
450 250AuSn A18
400 200
AuSn2 309 200
AuSn^ 252
In  each c a s e ,  the g r a p h i t e  c r u c i b l e  was in t ro d u c e d  i n t o  a v e r t i c a l  
t u b e  fu rn a c e  a t  the r e q u i r e d  t e m p e r a t u r e ,  held  f o r  30 minu tes  and then 
cooled  to  th e  a nnea l ing  t e m p e r a t u r e .  A f te r  a n n ea l in g  f o r  20 hours  the 
c r u c i b l e  was cooled t o  room te m p e ra tu re  i n  the f u r n a c e .  I n  none ot  the 
c a s e s  was t h e r e  a d i f f e r e n c e  of g r e a t e r  than  one p e r  c e n t  be tween  the
i n i t i a l  and f i n a l  w e ig h t s  of th e  a l l o y .
The r e s u l t a n t  a l l o y  beads  were c rushed  t o  a f i n e  powder i n  an agate  
m o r t a r  under a l c o h o l .  All  t h r e e  of the  compounds were e x t r e m e ly  b r i t t l e  
and crushed e a s i l y .  A sm al l  amount of each  compound was th e n  mixed 
w i t h  rubber  cement and mounted in  a D eb ye-S cher re r  powder d i f f r a c t i o n
earnera.
An X -ray  d i f f r a c t i o n  p a t t e r n  was o b ta in e d  f o r  each  compound, u s in g  
Cu K«* r a d i a t i o n  w i th  a n i c k e l  f i l t e r  and a exposure  t ime of s i x  hours .
The r e l a t i v e  i n t e n s i t i e s  of th e  l i n e s  o b ta in e d  on the f i l m  were e s t im a te d  
v i s u a l l y ,  arxi d - s p a c i n g s  f o r  the t h r e e  compounds were c a l c u l a t e d .  The 
d - s Pacing o b ta in e d  e x p e r i m e n t a l l y  fo r  the  compound AuSn were i n  good 
agreement w i t h  th o s e  g iv e n  in  the powder d i f f r a c t i o n  f i l e .  The d a t a  
d e te rm ined  f o r  t h r e e  compounds are g iv e n  in  F i g u r e  vl 'J).
Having o b ta in ed  the  d i f f r a c t i o n  p a t t e r n s  f o r  the t h r e e  compounds, 
and knowing th e  d - s p a c i n g s  f o r  g o ld ,  l e a d  and t i n ,  i t  was hoped to  
i d e n t i f y  the  unknown compounds by comparison of t h e i r  d i f f r a c t i o n  
p a t t e r n s  w i th  t h e s e .  A cco rd in g ly ,  samples of  th e  i n t e r f a c i a l  compound 
observed under  the  m icroscope  were removed w i th  a sharp  n e e d l e  and 
mounted in  the  d i f f r a c t i o n  camera.  P a t t e r n s  were o b ta in e d  and compared
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COMPOUND : Au5n.
d - 2,22  
I / I ,  - 100
2 , 1 6
65
3 .74
50
3 .74
50
^o l o u r ;  BRIG HT SILVER
m e t a l l ic  l u s t r e .
I/I,
50
45
I C O
65
8
10
4
10
25
10
8
20
COMPOUND : AuSn2 . I / I ,
4 ,4 5  20
d * 2 ,0 6  2 ,0 3  2 ,7 4  4 ,4 5  * ,7 2  1 0
I / I ,  *  100 70 70 20 3*,40 10
3 .06  40
Col o u r : SILVER GREY 2 ,91 60
METALLIC LUSTRE. ?>?4 70
2 ,3 9  30
2,11  40
2 .06  100
2 ,0 3  70
1 .9 0  60
d (A) I / I
5 ,7 4  5 ,74  40
* ,2 6  30
40 2 , %  GO
2 ,0 3  60
2 .2 9  30
2 ,1 7  100
2 ,C «  40
2,02 100
1 ,4 6  50
1 ,4 2  50
1 .3 0  30
F ig u re  13 D-Spaciny Data  Obi .1 i *d for  the  Oompounds
COMPCUNO ; AuSn,.
d -  2 ,1 6  2 ,0 2  2 ,9 6
I / I ,  • 100 1 0c  00
C o lo u r : SILVER GREY
METALLIC  LU S T R E .
A u S n , A u S n ^  a n d  A u S n ^ .
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w i th  th e  s t a n d a r d s  p r e v i o u s l y  d e r i v e d .  A f t e r  s e v e r a l  u n s u c c e s s f u l  
a t t e m p t s  in  which the  only l i n e s  observed  cor responded  t o  lead  and t i n ,  
a p a t t e r n  was o b ta in ed  w i th  s e v e r a l  f a i n t  l i n e s  c o r re spond ing  to  the 
compound AuSn^. Longer exposure  improved the  d e f i n i t i o n  and more l i n e s
became v i s i b l e .  Some of t h e s e ,  however , were found to  correspond w i th
the  l i n e s  f o r  AuSn^ and AuSn and the  prob lem was f u r t h e r  compl ica ted  
by th e  c l o s e  p r o x im i ty  of some of the  l i n e s  f o r  g o ld ,  t i n  and lead to  
th o s e  o b ta in e d  f o r  the  compounds. A t y p i c a l  a n a l y s i s  of the d i f f r a c t i o n  
p a t t e r n  ob ta ined  from a specimen aged a t  100 C t o r  120 days i s  shown
in  F i g u r e  (14 ) .  The r e s u l t s  a r e  somewhat i n c o n c l u s i v e ,  w i th  ev idence
of the  p r e s e n c e  of a l l  t h r e e  compounds, w i th  AuSn^ p red o m in a t in g .  In  
an a t t e m p t  to  o b t a i n  a t h i c k e r  compound l a y e r  a t  the i n t e r f a c e ,  a s p e c i ­
men was aged a t  200°C. Once aga in  ev idence  of a l l  t h r e e  compounds was 
f o u n d , b u t  in  t h i s  case  AuSn appeared to  p re d o m in a te .
I t  was obvious  t h a t  the  X —r a y  method was n o t  s u f f i c i e n t l y  p r e c i s e ,  
and i t  was t h e r e f o r e  dec ided  to  approach th e  N a t i o n a l  I n s t i t u t e  f or 
M e ta l l u r g y  (N.I.M) f o r  th e  use  of t h e i r  e l e c t r o n  microprobe  a n a l y s e r .  
P e rm i s s io n  was k i n d l y  g r a n t e d  and two specimens  were subm i t ted  fo r  
a n a l y s i s .  S ince  the compound la y e r  o b ta in e d  a f t e r  s o l d e r i n g  was too  
t h i n  fo r  a c c u r a t e  a n a l y s i s ,  two samples which had been aged a t  100 C 
f o r  t o u r  months were s e l e c t e d  ( P l a t e  3 and 4 ) .  These were a n a ly se d  by 
N.I .M. on an ARL-FMX e l e c t r o n  m ic roprobe ,  u s i n g  an a c c e l e r a t i n g  v o l t a g e  
of 25kV and a beam c u r r e n t  of  0 ,04  m ic ro -am ps . S ta n d a rd s  used were the  
compound AuSn p re p a re d  p r e v i o u s l y ,  and a na ly se d  g a l e n a  fo r  the  d e te rm in a  
t i o n  of  l e a d .  Both samples and s t a n d a r d s  were  coated  w i th  carbon b e f o r e  
a n a l y s i s , and the  d a t a  o b ta in ed  were p ro c e s s e d  by t computer  to  y i e l d  
f i n a l  a n a l y s e s  in  terms of w e igh t  p e r c e n t a g e s .
In the  c a s e  of  the  f lu x e d  specimen ( P l a t e  3 ) ,  the  compound a d j a c e n t  
to  the gold s u r f a c e  was found to  have the  fo rm ula  An -^Sn  ^  ^ ,02 v'*11 L°
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SAMPLE AGED AT 1 0 0 °  C FOR 1 ? 0  PAYS. IRRADIATES FOP 7  HOURS Wl TH jU jC N
d-SPACING. PROBABLE SOURCE.
4 , 2 6 AuSrt^ ( 4 ,2 6 )
V 4 AuSn ( 3 ,7 4 ) AuSn? ( 3 , 7 2 )
2 , 9 7 AuSny ( 2 , 9 6 ) Sn ( 2 , 9 2 ) , A u S n ? ( 2 . O'.)
2 , 8 4 Pb ( 2 , 8 6 ) , AuSo^ ( 2 , 8 3 )
2 , 6 2
2 , 4 7 Pb (2 ,4 8 )
2 , 3 5 Ao (,:-,355) AUSrVj ( 2 , 3 9 ) , A u S n 4 ( 2 ,2 9 )
2 , 2 5 AuSh  ( 2 ,2 2 ) AuSn^ ( 2 ,2 9 )
2 , 1 7 AuSn4 ( 2 , 1 7 ) AuSn ( 2 ,1 6 )
2 , 0 8 AuSn, ( 2 ,0 0 ) AuSrvj ( 2 , 1 1 ) ,  Sn ( 2 ,0 6 )
2 , 0 3 AuSn2 ( 2 ,0 3 ) A u( 2 ,0 4 )  , Au5n4 , S n ( 2 , 0 2 )
1 , 7 4 Pb ( l  , 7 5 )
1 , 6 0 Sn ( 1 , 6 6 ) ,  AuSn ( 1 ,6 S )
1 , 4 9 Pb ( 1 , 4 9 )  , S n  ( 1 ,4 3 ) AuSn4 ( 1 ,4 6 )
1 , 4 4 5 n .A u  ( 1 ,4 4 ) Pb ( 1 , 4  3) ,A u 5 n 4 ( 1 , 4 6 )
1 , 4 2 AuSna (1 ,4 2 ) Pb ( 1 , 4 3 )
1 , 3 0 AuSn4 , Sn ( l , 3 0 i
1 , 2 3 Au ( 1 , 2 3 ) Sn ( 1 ,2 1 )
1 , 1 8 Au ( 1 , 1 8 ) AuSn ( 1 ,1 6 )
CCWENT. NO DIRECT CONCLUSION CAN BE DRAWN FROM THESE RESULTS. ALL THOSE LINES WITH 
TWO OR MORE PROBABLE SOURCES MUST BE DISREGARDED,AS MUST THOSE DERIVED FROM 
A u .Sn  OR Pb.TME REMAINING LINES INDICAIL THE PRESENCE OF ALL THREE Of THE 
COMPOUNDS,WITH Au5n4 PREDOMINATING.
F inu re  14 A Typ ica l  A n a ly s i s  of the D i f f r a c t i o n  P a t t e r n  Obta ined  
From An Unknown I n t e r f a c i a l  Compound.
t h a t  a d j a c e n t  to  the s o l d e r  was found t o  be Au^Sn^ 7 7 ^ 0  t "6
un f lu x ed  specimen ( P l a t e  4) the  c o r re s p o n d in g  a r e a s  had the fo rmulae  
Au1Sn2 01Pb0 Q3 and AujSn^ Thus the compounds a r e  the  same i n
bo th  ca se s  and c o n s i s t  e s s e n t i a l l y  of  AuSn^ and AuSn^ w i th  a v e r y  low 
lead c o n t e n t .  There was no i n d i c a t i o n  of the  p r e s e n c e  of  AuSn or of the 
i n c o r p o r a t i o n  of lead  i n t o  the AuSn^ s t r u c t u r e , as  r e p o r t e d  by Thwaites
i n  h i s  rev iew  of the  m e t a l l u r g i c a l  r e a c t i o n s  t h a t  occu r  d u r in g  s o l d e r i n g
. .21 on gold
4 . 2 . 2  A Study of the  R eac t ions  Between Gold and Molten T in
P rev io u s  s t u d i e s  of j o i n t s  between gold  and l e a d - t i n  s o l d e r , using 
bo th  the  o p t i c a l  m icroscope  and the e l e c t r o n  m i c r o p r o b e , had i d e n t i f i e d  
a dup lex  AuSn^/AuSn^ l a y e r  a t  the  i n t e r f a c e  and a c i c u l a r  AuSn^ c r y s t a l s  
i n  the  bu lk  of the s o l d e r .  S ince  the 1 e i d  a c t s  o n ly  as  a d i l u e n t  and 
forms no compoundr w i th  gold in  the p re s e n c e  of  t i n ,  i t  was dec ided  to  
r e a c t  pure gold  and pure t i n  t o g e t h e r  i t  v a r i o u s  t e m p e r a t u r e s  and study 
the r e s u l t a n t  m i c r o s t r u c t u r e s .  The specimens were made up by m e l t i n g  
a sm al l  amount of t i n  i n  an alumina c r u c i b l e ,  adding a p r e h e a te d  go ld  
b e a d , and a l lo w in g  v a r i o u s  t imes  f o r  r e a c t i o n  t o  p r o c e e d . The r e s u l t i n g  
Au-Sn a l loy  beads  were p o l i s h e d  on the lower s u r f a c e  of  the bead and 
examined m i c r o s c o p i c a l l y  and by X-ray d i f f r a c t i o n  a n a l y s i s .
The m i c r o s t r u c t u r e s  were f i r s t  examined i n  the  unetched  c o n d i t i o n  
s i n c e  the v a r i o u s  Au-Sn compounds d i f f e r  in  h a rd n e s s  and a pronounced 
r e l i e f  e f f e c t  o f t e n  i n d i c a t e d  the  s t r u c t u r e . They were then  e t c h e d  in  
a s o l u t i o n  of  15% HNO^/15% CH^COOH/70% g l y c e r i n e  ( e t c h a n t  No. 1) which 
p roduces  a golden-brown c o l o r a t i o n  on AuNu/} and does  n o t  a f f e c t  the o th e r  
compounds. A second e t c h in g  o p e r a t i o n  ' 1 ‘ h e t c h a n t  No. 2 (50% UNO../50% 
w a te r )  was then  p e r fo rm e d . E t c h a n t  No. 2 p roduces  s e v e r e  p i t t i n g  on t i n ,  
t u r n s  AuSn^ a d a rk  brown c o l o u r , g iv e s  a s t r a w - y e l l o w  to gold  c o l o r a t i o n  
on AuSn? and has no e f f e c t  on AuSn. AuSn could  o f t e n  be d i s t i n g u i s h e d
by i t s  p i n k i s h  co lo u r  under low i l l u m i n a t i o n ,  even i n  the unetched  
c o n d i t i o n .
Thus by p r o g r e s s i v e  e t c h i n g  the c o n s t i t u e n t  compounds could  be 
i d e n t i f i e d .  Confirms ion  of  th e se  f i n d i n g s  was p rov ided  by X-ray 
d i f f r a c t i o n  a n a l y s i s . The p o l i s h e d  specimen was p la c e d  in  the goniometer  
i n  p la c e  of  the  normal powder sample and a d i f f r a c t i o n  p a t t e r n  of  the
s u t i a c e  was o b t a i n e d .  Th is  method d id  n o t  i n d i c a t e  vhich phase was
w hich ,  b u t  mere ly  i n d i c a t e d  which compounds were p r e s e n t  in  the a r e a  
be ing  i r r a d i a t e d .  The i n t e n s i t i e s  of the  peaks  f o r  the  v a r io u s  compounds 
a l s o  p rov ided  a rough i n d i c a t i o n  of the  r e . l a t ' re amounts i n  which they 
were p r e s e n t .  Th i s  method i s  n o t  s e n s i t i v e  enough to  i d e n t i f y  phases 
i n  smal l  c o n c e n t r a t i o n s ,  bu t  used i n  c o n j u n c t i o n  w i t h  the m ic ro s co p ic  
t e c h n iq u e s  i t  enab led  the m i c r o s t r u e  Lures to  be a n a l y s e d . These are 
summarised below:
(a)  Specimen I (See P l a t e s  7 and 8 )
In  t h i s  specimen gold  and t i n  were r e a c t e d  t o g e t h e r  a t  2A5°C f o r  f i v e
m i n u t e s , and then  cooled in  a i r .  R eference  to  the  g o l d - t i n  e q u i l i b r i u m
diagram (F ig u re  2) w i l l  i n d i c a t e  t h a t  AuSn/( i s  the s t a b l e  phase  a t  t h i s
t e m p e r a t u r e .  I t  was noted  t h a t  the a l l o y  remained l i q u i d  a t  a l l  s t a g e s
d u r i n g  the r e a c t i o n  and t h i s  i n d i c a t e s  t h a t  l e s s  th a n  10% ol gold  could
have been p r e s e n t  i n  the t i n  o th e rw is e  the  a l l o y  would have s o l i d i f i e d .
Thus the  s t r u c t u r e  c o u ld  be expec ted  co c o n s i s t  o f  p r im ary  AuSnm and the
AuSn.-Sn e u t e c t i c . Th is  was in f a c t  the  c a s e ,  w ith  a c i c u l a r  n e e d le s  of 4
AuSn^ r a d i a t i n g  outwards  from the gold b e a d , i n  an AuSn^-Sn e u t e c t i c  
m a t r i x .  There was a dup lex  compound layer a t  the i n t e r f a c e ,  c o n s i s t i n g  
of  AuSn., a d j a c e n t  to  the go ld  and AuSi^ a d j a c e n t  to  the  t i n . The AuSn^ 
must  have formed i n i t i a l l y  as a s o l i d  l a y e r  a t  t h i s  t e m p e ra tu r e  and then  
r e a c t e d  w i th  the m o l ten  t i n  to form Autln^ . Thus the  fo rm a t io n  of compounds 
a t  the  i n t e r f a c e  i s  c o n t r o l l e d  by th e  c o n c e n t r a t i o n  g r a d i e n t  of  gold in  
the  l i q u i d  t i n .  The d i s s o l u t i o n  r e a c t i o n  can be v i s u a l i s e d  as the r e a c t i o n
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P l a t e  7 OLZ22
Specimen I .  Needles of AuSn^ r a d i a t i n g  outwards from
the  s u r f a c e  of the  gold bead The m a t r i x  c o n s i s t s  of 
t h e  AuSu^-Sn e u t e c t i c .  Ktched w i th  UNO^/CH^COUH in  
g l y c e r i n e .
P l a t e  8 (X 500)
Specimen 1 a t  h igh  m a g n i f i c a t i o n .  The d u p le x  i n t e r ­
f a c i a l  compound laye r  c o n s i s t s  of  AuSn^ a d j a c e n t  to  
the gold and AuSn. a d j a c e n t  to  the t i n .  Needle s  of 
AuSiiy r a d i a t e  outwards from the compound l a y e r . 
Etched w i th  50% HNU^
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of Au and Sn to  form s o l i d  AuSn a t  the i n t e r f a c e ,  which th e n  r e a c t s  
w i th  more t i n  to  produce  AuSn^, a l s v  s o l i d  a t  t h i s  t e m p e r a t u r e . Gold
i s  d i s s o l v i n g  c o n t in u o u s ly  i n t o  the t i n  from t h i s  AuSn^ l a y e r ,  and on
c o o l in g  t h i s  p r e c i p i t a t e s  ou t  as  p r im ary  c r y s t a l s  of AuSn^, fo l lowed  
by the  AuSn4-Sn e u t e c t i c  a t  217°C, a t  which t e m p e ra tu re  the  a l l o y  i s  
f i n a l l y  s o l i d .  This  mechanism complies  w i th  p r e v io u s  f i n d i n g s  t h a t  the  
d i s s o l u t i o n  r a t e  does n o t  d e c r e a s e  w i th  t ime i . e . ,  the  s o l i d  l a y e r  at 
the  i n t e r f a c e  does  n o t  impede d i s s o l u t i o n ,  on ly  i f  the  r a t e s  ot  the 
r e a c t i o n  (1) aid (2 ) below a re  s u f f i c i e n t l y  h igh  to  p r e v e n t  the  b u i l d ­
up of  a mass ive  i n t e r f a c i a l  compound l a y e r .
(1) AuSn., + Snm -  —» AuSn.
( s )  ( s )
(2) AuSnA + Sn ( l )  -+ (Au) rn
(s )
(b) Specimen 2 (See P l a t e  9)
In  t h i s  c a s e ,  gold and t i n  were r e a c t e d  a t  275 C f o r  one m in u te ,  i . e .  
th compounds AuSn2 and AuSn^ should have been fo rmed . Once aga in  the 
a l l o y  remained l i q u i d  th roughou t  the r e a c t i o n ,  t h e r e f o r e  i t  could n o t  
have con ta ined  more than  15 -  20% gold in  s o l u t i o n .  M ic roscop ic  
exam ina t ion  of the  specimen r e v e a l e d  a v e ry  t h i n  du p le x  AuSn^/AuSng 
l a y e r  around the  gold  bend and n eed le s  of  AuSn/( r a d i a t i n g  outwards from 
the b e a d . There were a l s o  s e v e r a l  n e e d l e s  of p r im ary  AuSng, which 
were surrounded by AuSn, as  a r e s u l t  of the  p e r i t e c t i c  decom pos i t ion  
of  AuSn2 on c o o l in g  below ?52°C. Some of the AuSn^ i n  a r e a s  away from 
the  gold bead was p r e s e n t  as l a r g e ,  b locky  p a r t i c l e s .  The AuSn^-Sn 
e u t e c t i c  m i x tu r e  p rov ided  the m a t r ix  be tween the compound n e e d l e s .
X-ray  a n a l y s i s  of  the  specimen gave d e f i n i t e  ev idence  of  the  p r e s e n c e  
of AuSn/ , Au and b e t a - t i n ,  as  well  as  a  t e n t a t i v e  i n d i c a t i o n  of the  
p r e s e n c e  of AuSi^* This  confirmed the  m i c ro s c o p n  i n t e r p r e t a t i o n  ' ince  
the  AuSi^ was only  p r e s e n t  i n  v e ry  sn. t i l  amounts widely  d i s p e r s e d
Specimen 2. The t h i n  duplex  n e e d i e r  a r e  AuSn^ su r rounded  
by AviSn^. The t h i c k e r  grey  n e e d l e s  a r e  pr imary AuSn^ and 
the  i. lack m a t r i x  i s  the AuSn^-Sn e u t e c t i c .  Etched with  
HNO^/CH^COOH in  g l y c e r i n e .
P l a t e  10 (X 70)
Specimen T. UupI< /  d e n d r i t e s  w i th  AuSn in  the ecu t i e ,  
surrounded by AuSiv as  n r e s u l t ,  ot the  pet i t e c t  ic 
decom pos i t ion  r e a c t i o n  at 3()()nC, The d a rk  phase  i s  
AnSUy . Etched  with  50Z HNOy
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th ro u g h o u t  t h e  m a t r i x .
(c) Sp ec i men 3 (See P l a t e  10)
Th i s  specimen was p repared  by r e a c t i n g  go ld  and t i n  a t  27 j  C L o r  j-ivt 
m in u te s .  The r a t e  of d i s s o l u t i o n  a t  t h i s  t e m p e ra tu re  i s  v e ry  h ig h  and 
a l l  of the  gold  d i s s o l v e d  to  form v a r i o u s  compounds. The m i c r o s t r u c t u r e  
c o n s i s t e d  of t h r e e  d i s t i n c t  r e g i o n s  which a r e  d i s c u s s e d  he lo t  .
One r e g i o n ,  p-esumably t h a t  of h i g h e s t  go"J c o n c e n t r a t i o n ,  c o n s i s t e d  
of d e n d r i t e s  of  AuSn^ w i th  a c e n t r a l  c o re  of  AuSn and a few sm al l  
i n t e r d e n d r i t i c  a r e a s  of AuSn; . The second re g io n  aga in  c o n t a in e d  duplex  
AuSn/AuSn0 d e n d r i t e s  b u t  the  p r o p o r t i o n  of i n t e r d e n d r i t i c  AuSn^ was much 
g r e a t e r . The t h i r d  a r e a ,  a sm a l l  c i r c u l a r  r e g i o n  i n  the c e n t r e  of the 
b e a d ,  co n ta in e d  no AuSn b u t  c o n s i s t e d  of n e e d l e s  of AuSn2 and aSn^ in 
the  e u t e c t i c  m a t r ix .  Th is  s t r u c t u r e  was a l s o  p r e s e n t  on the  edge of the 
bead f u r t h e s t  away from the  a r e a  of h i g h e s t  gold c o n c e n t r a t i o n .  > - ray  
a n a l y s i s  confirmed th e  p re s e n c e  of a l l  t h r e e  compounds mentioned  above.
In  t h i s  c a s e ,  the  r e a c t i o n  time was long enough to  e n ab ie  c e r t a i n  
a r e a s  t o  a t t a i n  the  s t o i c h i o m e t r i c  AuSn co m p o s i t io n ,  even a t  t h i s  
r e l a t i v e l y  low te m p e r a t u r e ,  and the  coo l ing  r a t e  was s u f f i c i e n t l y  h ig h  
to  p r e v e n t  com ple te  d i s s o c i a t i o n  of the  AuSn to  form AuSn^- The a lmost  
comple te  l a c k  of e u t e c t i c  m ix tu re  im p l ie s  t h a t  the  bo t tom of t h e  a l l o y  
bead was made up of s o l i d  compounds w h i le  the  t o p ,  be ing  of lower gold 
c o n t e n t ,  was s t i l l  l i q u i d .  The sm al l  c i r c u l a r  a r e a  in  th e  c e n t r e  may 
have been a p ip e  or s h r in k ag e  c a v i t y .
(d ) Sneciraen 4 (See P l a t e s  11 and 12)
In t h i s  i n s t a n c e ,  g o ld  and t i n  were r e a c t e d  a t  330°C f o r  one m in u te .  
M ic ro sco p ic  exam ina t ion  r e v e a l e d  two d i s t i n c t  r e g i o n s ,  one of which 
c o n s i s t e d  of duplex  AuSn-AuSn2 d e n d r i t e s  in  an Aufln^ m a t r i x .  The o th » r  
r e g i o n  c o n t a in e d  n e e d l e s  of AuSn2 in  an AuSn^ m a t r i x  w i t h  sm al l  p a r t i c l e s  
of AuSn a t  the  c e n t r e s  of some of the n e e d l e s .  There were a l s o  some
f>2
P l a t e  11 (X 140)
Specimen 4.  Duplex AuSn/AuSn^ d e n d r i t e s  in  an AuSn^ 
m a t r i x .  Etched w i th  50% HNO^.
Plate.  12 (X 70)
Specimen 4. In t h i s  a r e a ,  presumably of lower gold  
c o n t e n t ,  t h e r e  i s  l i t t l  p r im a iy  AuSn. The s t r u c t u r e  
c o n s i s t s  of  p r im ary  n e e d l e s  of AuSn,, i n  a m a t r i x  of 
* " .  Note the  e ra c k in g  and d r a g - o u t  of  the b r i t t l eAuSn
AuSn Etched w i th  HNO^/CH^COOH i n  g ly c e  .ne
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s m a l l ,  w ide ly  spaced  a r e a s  of  the  AuSn^-Sn e u t e c t i c  and the  AuSn^ 
phase  i n  p a r t i c u l a r  e x h i b i t e d  c o n s i d e r a b l e  d r a g - o u t  and c r a c k i n g .
I t  ap p ea r s  t h a t  pr im ary  AuSn forms as d e n d r i t e s  which p a r t i a l l y  
decompose on c o o l i n g  to produce an o u te r  l a y e r  of AuSn^. Primary 
AuSiig, however,  forms as n e e d l e s  which once a g a i n  p a r t i a l  ly decompose 
to  fo rm AuSn^. Thus the d e n d r i t i c  a r e a  of th e  specimen c o n ta in ed  a 
h ig h  c o n c e n t r a t i o n  of g o l d ,  l e ad ing  to  the fo rm a t io n  of p r im ary  AuSn, 
whereas  th e  o th e r  a r e a  on ly  c o n t a in e d  s u f f i c i e n t  gold  to  p roduce  AuSng.
(e) Specimen 5 (See P l a t e  13)
Gold and t i n  were r e a c t e d  t o g e th e r  f o r  f i v e  m inu tes  a t  330 C t o  produce 
t h i s  spec imen .  In  the une tched  c o n d i t i o n ,  the m i c r o s t r u c t u r e  rev ea led  
g r o s s  p o r o s i t y  which had r e s u l t e d  from th e  u t a g - o u t  of  an i n t e r g r a n u l a r  
phase d u r ing  p o l i s h i n g .  E t c h in g  the  specimen w i th  e t c h a n t  number ] 
en ab led  the r e m a in in g  a r e a s  of t h i s  phase t o  be i d e n t i f i e d  as AuSn^.
When etched  w i th  e t c h a n t  number 2, the  remainder  of  the specimen was 
r e s o l v e d  i n t o  l a rg e  d u p le x  g r a i n s  c o n s i s t i n g  of AuSn su r rounded  by AuSn^. 
The s t r u c t u r e  was uniform th roughout  the  specimen and many of the  g r a in s  
e x h i b i t e d  s eve re  c r a c k i n g ,  p robab ly  due to  the rm al  c o n t r a c t i o n .
4 . 3  D i s c u s s i on
I t  has  been shown t h a t  u n l e s s  the  s o l d e r i n g  t e m p era tu re  i s  kep"  below 
250°C, an ex t re m e ly  r a p i d  r e a c t i o n  between gold and mol ten  s o l d e r  o c c u r s ,  
w i th  the  p r o d u c t i o n  of a massive l a y e r  of AuSn. T h i s  i s  obv ious ly  
d e t r i m e n t a l  to j o i n t  s t r e n g t h  s in c e  the  compound i s  v e r y  b r i t t l e .  At 
lower s o l d e r i n g  t e m p e r a t u r e s ,  a d u p le x  compound l a y e r  i s  produced a t  
th e  g o l d / s o l d e r  i n t e r f a c e ,  c o n s i s t i n g  of AuSn^ and AuSn^. This  
l a y e r  was seen to in c r e a s e  in  th ic k n e s s  upon age ing  a t  100 C, and t h i s  
g row th  may lead to  the e s t a b l i s h m e n t  of shear  s t r e s s e s  a t  the i n t e r f a c e .  
These i n t e r  f a c i a l  s t r e s s e s  may e i t h e r  cause or  f a c i l i t a t e  s e p a r a t i o n .  
Th i s  i n  t u r n  w i l l  e x p l a i n  why j o i n t s  w h ich  a re  of s a t i s f a c t o r y  s t r e n g t h
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P l a t e  13 #  70;
Specimen 5. The la rg e  c e n t r a l  g r a i n  i s  AuSn, su r rounded 
by AuSn.,. The p o r o s i t y  i s  due to the removal  o f  AuSn^ 
d u r ing  p o l i s h i n g .  Note the s e v e re  c r a c k i n g  of b o th  
AuSn and AuSn^. E tch ,d  w i th  50% HNO^.
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i n  t h e  a s - s o l d e r e d  c o n d i t i o n  a r e  found to  have s e p a r a t e d  under  l i t t l e  
o r  no a p p l i e d  s t r e s s  a f t e r  o p e r a t i o n  fo r  long p e r i o d s  a t  modera te  
t e m p e r a t u r e s .
The fo l l o w i n g  c o n c lu s io n s  can be drawn from the  s tudy  of  th e  r e a c ­
t i o n s  which t a k e  p l a c e  between gold  and mol ten  t i n :
a) Under n o n - e q u i l i b r i u m  c o n d i t i o n s  (as i s  the  case  in  a s o ld e r e d
j o i n t )  the  type  of  g o l d / t i n  compound which forms i s  dependen t  upon
the  t e m p e ra tu re  and the  c o n c e n t r a t i o n  ot gold i n  each p a r t i c u l a r  a rea  
o f  the  specimen.
b) The d u p le x  AuSn^/AuSn^ i n t e r f a c i a l  l a y e r  i s  p r e s e n t  even up to  21 5 C.
The absence  of AuSn from t h i s  laye r  i s  due to  t h e  f a c t  t h a t  the
c o n c e n t r a t i o n  of  gold  i n  the t i n  immedia te ly  a d j a c e n t  to  the gold  
su r f a c e  i s  equal  to the  s o l u b i l i t y  a t  t h a t  t e m p e r a t u r e .  At tempera­
t u r e s  below 100°C, th e  s o l u b i l i t y  i s  to o  low f o r  AuSn t o  io rm and 
thus  a l a y e r  of AuSn^ forms a d j a c e n t  to  the gold  s u r f a c e .  A iove 
t h i s  t e m p e r a t u r e , the s o l u b i l i t y  i s  h igh  enough r o r  AuSn to  form, 
b u t  the d i s s o l u t i o n  i s  so d r a s t i c  t h a t  no u n re a c te d  go ld  r em a ins .
c )  The p e r i t e c t i c  d eco m p o s i t io n  r e a c t i o n s :
AuSn + Sn ---------» AuSn., (309°C)
and
AuSn2 + S n  » AuSn^ (252 C)
a r e  f a i r l y  s l u g g i s h  and g iv e  r i s e  Vo d u p w  •ompoiu.d p a r t i c l e s .
Primary AuSn i s  d e n d r i t i c  w h i l e  pr im ary  % i u  i s  a c i c u l a r  and the 
d eco m p o s i t io n  p ro d u c t  forms a l a y e r  surroundir ig  the  p r im ary  compound 
i n  each  c a s e .
d)  The compounds AuSn, AuSn,, and AuSn, a r e  a l l  ha rd  and b r i t t l e ,  AuSag 
i n  p a r t i c u l a r  showing c r a c k s  and dr i ; ou t  as  a r e s u l t  of p o l i s h i n g .
Both AuSn^ and AuSn, form i n  long,  t h i n  n e e d l e s  and th us  t h e i r  preocnc t  
i s  e s p e c i a l l y  d e t r i m e n t a l  to  the s t r e n g t h  of  a s o ld e r e d  j o i n t .  The
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dup lex  AuSn^/AuSn^ compound l a y e r  a t  the  Au-Sn i n t e r f a c e  i s  a l s o  
d e t r i m e n t a l  to  j o i n t  s t r e n g t h ,  e s p e c i a l l y  s i n c e  th e s e  compounds grow 
d u r i n g  ageing a t  100 C, and d i f f e r e n t i a l  g rowth  r a t e s  may s e t  up a 
shear  s t r e s s  a t  th e  i n t e r f a c e .
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5. THE TENSILE PROPERTIES OF SOIDKRED JOINTS BETWEEN BOIH PURE COLD
AND GOLD-PLATED SURFACES
5.1 In  P roduc t ion
To d e t e r m in e  the  e f f e c t s  of the  fundamenta l  phenomena s t u d i e d ,  i t  was 
n e c e s s a r y  to  d ev e lo p  a method f o r  t e s t i n g  the  s t r e n g t h  of  s o ld e r e d  
j o i n t s ,  which would y i e l d  r e s u l t s  of p r a c t i c a l  s i g n i f i c a n c e .  The 
t e ch n iq u e  was a l s o  r e q u i r e d  to  be a c c u r a t e  and p r e c i s e ,  and a c c o r d in g ly  
the  s o l d e r i n g  o p e r a t i o n  had t o  be as f r e e  of t h e  human elemen t as p o s s i b l e .  
Hand s o l d e r i n g  of the  j o i n t s  was t h e r e f o r e  r e j e c t e d  as be ing  too  d i f f i c u l t  
t o  c o n t r o l .
The j o i n t  d e s i g n  had to  be s e l e c t e d  in  o rd e r  to  y i e l d  i n f o r m a t io n  
which was a p p l i c a b l e  to  the  types  of so ld e red  j o i n t  enco u n te red  in  
p r a c t i c e .  D i r e c t  t e n s i l e  s t r e s s e s  a r e  seldom e n c o u n te re d  in  i n d u s t r i a l  
s o ld e re d  j o i n t s ,  the more u s u a l  d e s i g n  be ing  such as to  s u b j e c t  a t h i n  
s o l d e r  l a y e r  to  a shear  s t r e s s , e . g .  the  s o l d e r i n g  of w i r e s  i n t o  ho le s  
on p r i n t e d  c i r c u i t  b o a r d s . I t  was t h e r e f o r e  d e c id e d  to  c o n s t r u c t  s o ld e re d  
lap  j o i n t s  which were to  be t e s t e d  i n  shear  as opposed to  d i r e c t  t e n s i o n .
The i n v e s t i g a t i o n  c o n s i s t e d  of two p a r t s .  The f i r s t  t e s t s  were 
performed on j o i n t s  made between f i n e  gold  s u r f a c e s , the  v a r i a b l e s  
s tu d ie d  be ing  the  t e m p e ra tu re  of s o ld e r i n g  and the  t ime of age ing  a t  
100°C a f t e r  s o l d e r i n g .  In the  second s e r i e s  of t e s t : ,  v a r i o u s  commercial 
gold e l e c t r o p l a t e s  were u s e d . A s i n g l e  s o l d e r i n g  t e m p e ra tu re  was 
s e l e c t e d  and the v a r i a b l e s  s tu d ie d  were the type of g e l d  p l a t e , tb? 
t h i c k n e s s  of  the gold  l a y e r ,  t h e  e f f e c t  of a n i c k e l  undercoa t  and the 
t ime of age ing  a t  100° C a l t e r  s o l d e r i n g .
5.2 T e s t s  on J o i n t s  Between I'm o Cold Sin f aces
5 .2 .1  Exper im enta I Work 
1 2 19P r e v io u s  i n v e s t i g a t o r s  * ’ had a l l  made use of go I d - p l a t e d  copper
s t r i p  f o r  the  c o n s t r u c t i o n  of s o ld e re d  lap j o i n t s .  In  th e s e  c a s e s  the
copper s u b s t r a t e  provide '!  the n e c e s s a r y  l o a d - b e a r i n g  c a p a c i t y  to 
e n s u re  t h a t  f r a c t u r e  occur red  a t  the  s o ld e re d  j o i n t  b e f o r e  y i e l d i n g  of7 
the copper took p l a c e . In  t h i s  c a s e ,  however , th e  v e r y  low y i e l d  s t r e s s  
of f i n e  gold  made i t  im p o ss ib le  to  c o n s t r u c t  la p  j o i n t s  ou t  of gold 
s t r i p ,  and the  c o s t  would have been p r o h i b i t i v e  even had t h i s  been 
p o s s i b l e .
F o r  th e s e  r e a s o n s  a composi te  t e s t  p i e c e  was d e v e lo p e d .  The lo a d -  
beaming member c o n s i s t e d  of a 60% Cu - 40% Zn brass  bar  to  which a 
smal l  gold coupon was s i l v e r - s o l d e r e d  a t  one end . A s k e tc h  of  an 
assembled la p  j o i n t  i s  shown in  F ig u re  15. The d e t a i l e d  c o n s t r u c t i o n  
of  th e  j o i n t  i s  d e s c r  . ind below.
A 5mm squa re  b r a s s  bar  was c u t  i n t o  50mm l e n g t h s  and th e s e  were 
b en t  i n  a v i c e , between p l a t e n s  which eac h  had a 5mm high  s t e p  machined 
in  them, the  one s tep  be ing  o f f s e t  from t h e  o t h e r  by 25mm. This  
produced the n e c e s s a r y  shape to  ensu re  t h a t  the t e n s i o n  a x i s  pas sed  
d i r e c t l y  along the p l a n e  of the  s o ld e red  j o i n t  be tween the two go ld  
s u r f a c e s .  The gold coupons were a c c u r a t e l y  machined from 2mm th i c k  
f i n e  gold s h e e t  to  the f i n a l  d im ens ions  of  5mm by IOmm, us ing  a very  
t h i n  s l i t t i n g  d i s c .
Each gold coupon was bonded t o  i t s  b r a s s  s u p p o r t  w i th  a p - o p r i e t a r y  
s i l v e r  so ld e r  which me l ted  over the  range  607 * 630 ('.. The s i l v e r  
s o ld e r  was o b ta in ed  i n  the  form of a t h i n  r o d , which was r o l l e d  down to  
produce  a s h e e t  0.1mm t h i c k .  The s h e e t  was then  c u t  i n t o  5 x 10mm 
s e c t i o n s ,  which were p laced h e t v  ten the gold  coupons and the b r a s s  
s u p p o r t s . Each assembly ,  which c o n s i s t e d  of one ha l f  of  the  la p  j o i n t ,  
was clamped i n  a anaL1 s t a i n l e s s  s t e e l  v i c e  and p laced  in  a covered 
g r a p h i t e  c r u e l !  Le h a l f - f i l l e d  w i th  c h a r c o a l .  The c r u c i b l e  was then 
p laced  in  a m uf f l e  f u r n a c e  al 700°(I f o r  TO m in u te s ,  removed and allowed 
to  c o o l  i i a t r . No f l u x i n g  was n e c e ss a ry  due to  the  r educ ing  atmosphere
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i n s i d e  the c r u c i b l e .
P r i o r  to  the  assembly of the  la p  j o i n t s ,  each composite  was cleaned 
i n  n i t r i c  a c i d , the  gold s u r f a c e  was l i g h t l y  ground on 1000 g r i t  water  
paper  and e tched  by swabbing w i th  aqua r e g i a .  They were then  washed 
in  d i s t i l l e d  w a t e r , d r i e d  w i th  a l c o h o l  and s to r e d  in  a d e s s i c a t o r .
A p r e l i m i n a r y  s e r i e s  of l a p  j o i n t s  were made up in  o rd e r  to  
d e t e rm in e  t h e  time r e q u i r e d  fo r  s o l d e r i n g  to  take, p l a c e ,  and t o  check 
the p r e c i s i o n  of  th e  s o l d e r i n g  method. Solder  p r e - f o r m s ,  0,1mm th ick  
and 5mm wide x lOnm long were c u t  from a shee t  of  e u t e c t i c  s o l d e r  which 
had been m anufac tu red  from chem ic a l ly  pure  t i n  and load and r o l l e d  down 
to  the  r e q u i r e d  t h i c k n e s s .  Each p re - fo rm  was e tched  w i th  f l u o r o b o r i c  
a c i d  (HBF, ) ,  r i n s e d  and d r i e d  w i th  a l c o h o l .  The l a p - j o i n t s  were 
assembled by p l a c i n g  a s o l d r r  p re - fo rm  between the  two go ld  s u r f a c e s  
which had been l i g h t l y  coa ted with  r e s i n  f l u x ,  i n c o r p o r a t i n g  two f i n e  
0 , 1mm i ro n  w i r e s  to  m a in t a i n  the j o i n t  s p a c in g ,  and clamping the 
assembly i n  a small  b r a s s  clamp which e x e r t e d  p r e s s u r e  normal ly  to  the 
p l a n e  of the  s o ld e re d  j o i n t .
The s o l d e r i n g  o p e r a t i o n  was performed by i n t r o d u c i n g  the clamped 
assembly i n t o  a s a l t  b a th  m a in ta in ed  a t  the r e q u i r e d  t e m p e r a t u r e .  The 
f u r n a c e  used  was the  one which had been b u i l t  t o r  s t u d y in g  the  d i s s o l u  
t i o n  of g o ld  in  mo1te n  s o l d e r  (sec F ig u re  11) ,  except t h a t  th e  s o ld e r  
b a t h  was r e p l a c e d  by a c r u c i b l e  c o n t a in in g  a p r o p r i e t a r y  h ea t  t r e a tm e n t  
s a l t ,  which mel ted  a t  approx im ate ly  150°C. Due to  the d im ens ions  of 
th e  c r u c i b l e ,  the j o i n t  had to  be in t ro d u c e d  v e r t i c a l l y ,  but c a p i l l a r y  
a c t i o n  p r e v e n te d  the m o l ten  s o ld e r  from l lowing out from between the 
gold s u r f a c e s .
A t o t a l  of e i g h t  j o i n t s  were p r e p a r e d ,  a l l  a t  an i n i t i a l  b a t h  
t e m p e ra tu r e  of 200°C. The te m pera tu re  <■!' the b a t h  f e l l  by 10 t o  20°C 
j u s t  a f t e r  the j o i n t  assembly was i n t r o d u c e d ,  b u t  r e t u r n e d  to  the  s e t
t e m p e ra t u r e  w i t h i n  60 s e c o n d s . I t  was a l s o  found t h a t  a t  l e a s t  t h i s  
l e n g t h  of t ime was n e c e s s a r y  f o r  s o l d e r i n g  to  occur and a f i n a l  
s o l d e r i n g  t ime of 70 seconds a f t e r  i n t r o d u c t i o n  of the  j o i n t  was 
adopted f o r  a l l  of the  f o l l o w i n g  t e s t s .  A f t e r  th e  j o i n t s  had been 
removed from th e  s a l t  b a t h ,  they  were p la ced  on an a s b e s t o s  s h e e t  and 
a l lowed to  c o o l  i n  s t i l l  a i r  to  room t e m p e r a t u r e .  The assembly was 
then  p laced  i n  wate r  to  d i s s o l v e  away a d h e re n t  s a l t ,  end removed from 
the c l -mp.
The shear  s t r e n g t h s  of  the  j o i n t s  w r c  de te rm ined  by t e s t i n g  t h e r
to  d e s t r u c t i o n  on a Hounsf i e l d  Tensomefcr . The lap  j o i n  s were p aced
h o r i z o n t a l l y  i n  the g r i p s  and s t r e s s  was a p p l i e d  manua l ly  a t  a r a t e
co r re s p o n d in g  t o  a c r o s s - h e a d  speed of a p p ro x im a te ly  3 mm pe r  m i n u t e ,
u n t i l  f r a c t u r e  o c c u r r e d .  A s t r e s s - s l r a i n  g r a p h  was o o t a in c d  f o r  each
specimen t e s t e d , and th e  f r a c t u r e  s t r e s s  was r e c o r d e d . Th is  f i g u r e
2
was d iv i d e d  by the a r e a  of the j o i n t  (50mm ) and c onve r ted  to 
m egaP asca l s .  The appea rance  of the f r a c t u r e  s u r f a c e  was no ted  and the  
f r a c t u r e  p a t h  was then  de te rm ined  by ex am in a t io n  under  the  m ic roscope .  
In  order t o  do t h i s ,  the  p r o j e c t i n g  b r a s s  arms were c u t  o f f  and the  
j o i n t  was mounted in  p l a s t i c ,  ly ing  on i t s  s i d e .  1 he mounted specimen 
was ground and p o l i s h e d ,  and f i n a l ly e tched  w i th  n i t r i c  a c i d  and 
a c e t i c  acid in g l y c e r i n e .  Diamond p o l i s h i n g  p a s t e  was u s e d , to  
m in im ise  r e l i e f  e f f e c t s  between the s o f t  s o l d e r  and the r e l a t i v e l y  
hard  g o ld .
In th ese  prel im inary t e s t s ,  and in a l l  of the subsequent ones ,  no 
p l a s t i c  deformation of the j o i n t  was observed pr ior  to  f a i l u r e .  This  
was due to the des ign  of ' h" j o i n t ,  which al lowed no y i e l d i n g  of t h e  
so ld er  f i lm  to occur due to the p l a s t i c  c o n s tr a in t  imposed upon i t  by 
the r e l a t i v e l y  m ass ive ,  t ig id  gold  s i d e - p i e c e s .
Of the e ight  j o i n t s  t e s t e d ,  four were found to have high s trengths
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(17,4 to  20 ,5  mPa) and fo u r  to  have low s t r e n g t h s  (6 ,2  to 8 , 9  raPa).
Two f a c t o r s  were i d e n t i f i e d  as being  r e s p o n s i b l e  f o r  the low s t r e n g t h s  
o f  some j o i n t s .  The f i r s t  of t h e s e  was i n a d e q u a te  w e t t i n g  and incomple te  
bonding a t  the  s o l d e r / g o I d  i n t e r f a c e .  Th i s  was t r a c e d  to  t h e  p re sen ce  
of a t e n a c io u s  ox ide  f i l m  on t  -  s o l d e r  f o i l ,  which was n o t  removed by 
e t c h i n g  w i th  . To remove t h i s  f i l m ,  i t  was n e c e s s a r y  t o  rub the
f o i l  l i g h t l y  w i th  1000 g r i t  water  p i p e r  and then  p o l i s h  the  s u r f a c e  
w i th  a pad of f i l t e r  paper  which removed the  f i n a l  t r a c e s  of ox ide ,  
p ro d u c in g  a b r i g h t  s u r f a c e .  Th is  o p e r a t i o n  was per formed  im media te ly  
p r i o r  t o  assembly of the  j o i n t s  and a t h i n  l a y e r  of r e s i n  f l u x  was
a l s o  used to e n s u re  good w e t t i n g .
The second cause  of low s t r e n g t h  j o i n t s  was i n a c c u r a t e  c o n t r o l  of 
t h e  j o i n t  s p a c in g .  I t  was no ted  from m i c r o s c o p ic  ex a m in a t io n  t h a t  the 
p r e s s u r e  e x e r t e d  by the  clamp,  in  o rder to  hold  th e  assembly t o g e t h e r ,  
f o r c e d  the i r o n  spacer  w i r e s  i n t o  the s o f t  gold s u r f a c e ,  th u s  r e d u c i n g  
the j o i n t  spac ing  to  a p p ro x im a te ly  0 ,0 5  mm. D ur ing  s o l d e r i n g ,  gold and 
t i n  from L..e s o l d e r  r e a c t e d  to  form compound l a y e r s  a t  each  g o ld  s u r f a c e ,  
and a l e a d - r i c h  zone formed in  the  c e n t r e  of  the  j o i n t ,  between th 
compound l a y e r s .  Th is  zone was weak and the  f r a c t u r e  was found  to 
t r a v e l  along i t  (see P l a t e  14).
To p reven t  t h i s ,  a new clamp was c o n s t r u c t e d  ( n e e  P t a l e  15 ) .
I n  t h i s  clamp, the two h a l v e s  of the l a p  j o i n t  were he ld  by c a n t i l e v e r  
arms which were l o c a t e d  on a v e r t i c a l  column. No wire s p a c e r s  were, 
n e c e s s a r y  s i n c e  no f o r c e  was a p p l i e d  a c r o s s  t h e  j o i n t ,  and th us  the 
j o i n t  spac ing  was c o n t r o l l e d  by th e  t h i c k n e s s  of th e  s o l d e r  p re - fo rm .  
P l a t e  16 shows a clamped j o i n t  assembly ready  l o r  s o l d e r i n g .  Ihe new 
clamp produced c o n s i s t e n t l y  spaced j o i n t s ,  and due to  the  h ig h e r  
p r o p o r t i o n  of s o l d e r  i n  the se  j o i n t s ,  no c o n t in u o u s  l e a d - r i c h  zone 
was p r e s e n t  in  the  c e n t r e .
P l a t e  14
SI lowing f r a c t u r e  in  the  c e n t r a l  l e a d - r i c h  zone between 
l a y e r s  of columnar AuSn^ c r y s t a l s .
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P l a t e  15
The b r a s s  clamp c o n s t r u c t e d  to  ensu re  a c c u r a t e  j o i n t  
s p a c in g .
n-
Plate  16
Clamped j o in t  assembly prior  to  s o l d e r i n g
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The f o u r  h igh  s t r e n g t h  j o i n t s  e x h i b i t e d  good w e t t i n g  and a s h in y ,  
g r a n u la r  f r a c t u r e  s u r f a c e .  M ic roscop ic  exam ina t ion  r e v e a le d  d u p le x  
AuSn.,/AuSn^ compound l a y e r s  a t  each  g o l d / s o l d e r  i n t e r f a c e  ( see  P l a t e  17) ,  
and a c i c u l a r  AuSn^ c r y s t a l s  in  the  bu lk  of the  s o l d e r .  Some f r e e  lead 
was p r e s e n t  a d j a c e n t  to  the compound l a y e r s ,  b u t  the  f r a c t u r e  p ropaga ted  
f o r  the most p a r t  th rough  the  tougher l e a d - t i n  e u t e c t i c  s t r u c t u r e  ( see  
P la  t e  18).
This  p r e l i m i n a r y  s tudy  led  to  the  development of a s a t i s f a c t o r y  
te chn ique  f o r  the p r o d u c t i o n  and t e s t i n g  of g o l d - s o l d e r  I p  j o i n t s .  It 
was now p o s s i b l e  to  proceed t o  the majo r  i n v e s t i g a t i o n ,  which was to  
d e t e rm in e  th e  e f f e c t  of s o l d e r i n g  t e m p e ra tu re  and t ime of  age ing  a f t v r  
s o l d e r i n g .  Three s o l d e r i n g  t e m p e r a t u r e s ,  200, 220 and 240 C were 
s e l e c t e d ,  and two j o i n t s  were a l s o  t e s t e d  a f t e r  s o l d e r i n g  a t  300°C. For  
each  s o ld e r i n g  t e m p e r a t u r e ,  two j o i n t s  were t o  he t e s t e d  i n  the a s - s o l i e r e d  
c o n d i t i o n  and two each  a f t e r  age ing  a t  100 C f o r  one ,  two and three, 
months .  A cco rd in g ly ,  e i g h t  j o i n t s  were made up a t  each  t e m p e r a t u r e ,  
f o l l o w i n g  th e  exp e r im en ta l  p rocedure  developed  d u r in g  th e  p r e l i m i n a r y  
s tu d y .  A s o l d e r i n g  time of  70 seconds was used a t  a l l  f o u r  of th e  above 
t e m p e r a t u r e s .  The ageing of the j o i n t s  was done in  a t h e r m o s t a t i c a l l y  
c o n t r o l l e d  a i r  oven a t  100°C.
5 . 2 . 2 .  RESULTS AMD DISCUSSION 
The r e s u l t s  o b ta in e d  from t h i s  s tudy ai e shown i n  Tab le  1 .  The p r e c i s i o n  
in  most c a s e s  was g o o d , w i th  on ly  one s e t  of r e s u l t s ,  t h o s e  o b t a in e d  f o r  
specimens aged Cor 30 days  a f t e r  s o l d e r i n g  a t  22()°C, showing wide s c a t t e r .  
One of  the r e s u l t s  o b ta in e d  a f t e r  ageing  a specimen which had been s o ld e re d  
a t  200° C f o r  90 days  was r e j e c t e d ,  because  v i r t u a l l y  no w e t t i n g  had 
occur red  d u r in g  s o l d e r i n g  and the  j o i n t  f r a c t u r e d  im media te ly  s t r e s s  was 
appl  l e d .
Cons ider ing  f i r s t  the e f f e c t  of s o l d e r i n g  t e m p e ra tu re  upon the  s t r e n g t h
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F r a c t u r e d  specimen showing d u p le x  compound l a y e r ,  
w i t h  AuSn2 a d j a c e n t  to  the  gold  and columnar AuSn^
a d j a c e n t  to  the s o l d e r .
P l a t e  18
High s t r e n g t h  j o i n t  so ld e red  a t  200 C, showing f r a c ­
t u r e  i n  the  c e n t r e  of the j o i n t  or  in  the  l e a d - r i c h  
zone a d j a c e n t  to  the  AuSn, l a y e r .
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TABLE 1 RESULTS OF SHEAR TESTS ON SOLDERED JOINTS BETWEEN PURE GOLD 
SURFACES.
SOLDERING TEMPERATURE: 200°C
AGEING PERIOD (DAYS) 0 30 60 90
SHEAR STRENGTH (jmPa) 19,6
18,2
9 .8
10 .8
12 ,0
1 1 ,6
9 .3
0*
SOLDERING TEMPERATURE: 220°C
AGEING PERIOD (DAYS) 0 30 60 90
SHEAR STRENGTH (raPa) 21,4
17,8
1 ,0
13,8
0 ,4
8 ,0
4 ,9
8 ,4
14,7
SOLDERING TEMPERATURE: 240°C
AGEING PERIOD (DAYS) 0 30 60 90
SHEAR STRENGTH (jnPa) 23 .6
27.7
19,6
18,2
2 1 ,8
20 ,0
15,6
9 ,3
SOLDERING TEMPERATURE: 300°C
AGEING PERIOD (DAYS) 0
SHEAR STRENGTH (mPa) 37,4
38,3
* DUE TO BAD WETTING -  IGNORED.
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of j o i n t s  i n  the  a s - s o l d e r e d  c o n d i t i o n ,  i t  can be seen t h a t  t h e r e  was 
l i t t l e  d i f f e r e n c e  between j o i n t s  s o ld e r e d  a t  200 and 220 C, b u t  t h a t  
t h o s e  s o ld e re d  a t  240°C were of  h ighe r  s t r e n g t h .  This  r e s u l t  i s  con­
t r a d i c t o r y  to  e x p e c t a t i o n s ,  and to  the recommendation made by most 
i n v e s t i g a t o r s  t h a t  s o l d e r i n g  t e m p e ra tu r e  be kep t  as  low as  p o s s i b l e .  I t  
was thought t h a t  a h igh  s o l d e r i n g  tem p era tu re  would g iv e  r i s e  to  h igh  
c o n c e n t r a t i o n s  of g o l d / t i n  i n t e r m e t a l l i c  compounds i n  the j o i n t ,  and 
hence would weaken the j o i n t  due to  the in h e re n t  b r i t t l e n e s s  of the  
compounds. The c o n c e n t r a t i o n  of i n t e r m e t a l l i c  compounds d i d  in f a c t  
i n c r e a s e  as ev idenced  by P l a t e s  18,  19 and 20,  which d e p i c t  j o i n t s  so lde red  
a t  200, 220 and 240°C r e s p e c t i v e l y .  In  those  specimens s o ld e re d  a t  200 
and 220°C t h e r e  was s t i l l  some f r e e  e u t e c t i c ,  w h i le  th e  j o i n t s  s o ld e r e d  
a t  240°C e x h i b i t e d  complete r e a c t i o n  of  the  t i n  to  form AuSn^, the  d a rk  
a r e a s  in  the  m i c r o s t r u c t u r e  be ing  f r e e  l e a d .  Thus in  the  f i r s t  two c a s e s ,  
the  s t r e n g t h  measured was e s s e n t i a l l y  t h a t  of the  l e a d —t i n  e u t e c t i c  
m ix tu re  w h i l e  in  the f i n a l  c a s e ,  i t  was t h a t  of AuSn^ c o n t a i n i n g  i s o l a t e d  
p o c k e t s  of f r e e  l e a d .  The b r i t t l e n e s s  of  the compound was n o t  an 
im p o r ta n t  f a c t o r ,  s i n c e  no p l a s t i c  d e fo rm a t io n  of  the s o l d e r  l a y e r  could 
ta k e  p la c e  due to  the c o n s t r a i n t  imposed by the  d e s ig n  of the j o i n t .
In  o rde r  to  s tu d y  t h i s  phenomenon f u r t h e r ,  two j o i n t s  were s o ld e re d  
a t  a t e m p e ra tu re  ot 300°C, and th e s e  e x h i b i t e d  even h ig h e r  s t r e n g t h s  
( s ee  Table 1 ) .  I t  was n o t i c e d  tha t  the  s o ld e r  f i l l e t s  on t h e s e  specimens 
were hard aid b r i t t l e .  When some of t h i s  m a t e r i a l  was c h i s e l l e d  o f f  and 
s u b je c t e d  to  a f i r e  a s s a y ,  i t  was found to  c o n t a i n  S17 by mass ol  g o ld .
The mil r e s t r u c t u r e s  of the  j o i n t  s s o ld e r e d  a t  200 and 720 C were 
e s s e n t i a l l y  the .same, the  compounds p r e s e n t  b e in g  AuSn^ an I AviSn^ in each 
c a s e .  The AuSn„ was in  the form of a t h i n  con t inuous  la y e r  a d j a c e n t  to  
the  go ld  s u r f a c e ,  w h i l e  the  AuSn^ was p r e s e n t  as  a l a y e r  of columnar 
c r y s t a l s  between the AuSn7 l a y e r  and the  s o l d e i , and as a c i c u l a r  oi b locky
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P l a t e  19 (X 300)
J o i n t  s o ld e r e d  a t  220°C. Note the i n c r e a s e d  p r o p o r t i o n  
of AuSn^, a s  compared with  P l a t e  18.
: : /  * f : : ' % :
P l a t e  ?0 (X 800)
J o i n t  so Idored a t  240 C. Al l  n[ the  t i n  has r e a c t e d
to  form AuSix. . The d a rk  ar as  a re  f r e e  l e a d . A
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c r y s t a l s  in  the  bulk  of the  s o l d e r  f i l l e t  ( s ee  P l a t e  17,  18 and 19) .
The p r o p o r t i o n  of AuSn^ was h ig h e r  in  the j o i n t s  s o ld e r e d  a t  220 C.
The j o i n t s  s o ld e r e d  a t  240°C e x h i b i t e d  no f r e e  e u t e c t i c ,  a l l  o< th e  t i n  
having r e a c t e d  to  form AuSn, , b u t  the AuSn^ l a y e r  was s t i l l  p r e s e n t  a t  
the  gold  s u r f a c e  ( see  P l a t e  21 ) .  The j o i n t s  s o l d e r e d  a t  300 C r e v ea led  
a com ple te ly  d i f f e r e n t  m i c r o s t r u c t u r e  (see P l a t e  7 2 ) .  In  t h i s  c a s e ,  
d e n d r i t i c  AuSn was p r e s e n t , as  w e l l  a s  Av^ and a second d a rk  compound 
which i s  th ough t  to  be a g o l d - l e a d  compound, s i n c e  t h e r e  was no f r e e
lead  p r e s e n t  in  the  j o i n t .
All  of th e s e  specimens e x h i b i t e d  a b r i g h t , s i l v e r  f r a c t u r e  s u i f a c e , 
s i m i l a r  t o  t h a t  shown in  P l a t e  23.  M ic roscop ic  exam ina t ion  r e v e a l e d  
t h a t  in  the  j o i n t s  s o ld e r e d  a t  200 C, the  f r a c t u r e  r a n  in  the c e n t r e  of 
th e  j o i n t  or i n  the  l e a d - r i c h  zone a d j a c e n t  to  the AuSng la y e r  ( s ee  P l a t o  
18) .  In  the  case  of the  j o i n t s  s o ld e r e d  a t  220°C, t h e  f r a c t u r e  ran  
e i t h e r  in  the  l e a d - r i c h  zone (see  P l a t e  19) or  a t  th e  AuSi^/AuSn^ 
i n t e r f a c e  ( see  P l a t e  24) .  The j o i n t s  s o ld e r e d  a t  240 C f r a c t u r e d  
ma in ly  a t  the  AuSn^/AuSn^ i n t e r f a c e  or  i n  t h e  b locky  AuSn^ a d j a c e n t  to
i t  ( see  P l a t e s  20 and 21).
A f te r  j o i n t s  so lde red  a t  200, 220 and 240°C had been aged a t  100°C 
f o r  30 d a y s ,  t h e i r  s h e a r  s t r e n g t h s  were measured  ( s e e  Tab le 1 ) .  I n  every  
c a s e  the s t r e n g t h s  were found to  have d e c r e a s e d  m a rke d ly .  The two j o i n t s  
so lde red  a t  220°C showed s t r e n g t h s  of 1 ,0  and 13 ,8  mPa, and a t h i r d  
j o i n t  was p repared  and aged in  o rde r  to  check th e s e  r e s u l t s .  Iti^s j o i n t  
had a shear  s t r e n g t h  of 0 , 4  mPa. ft was noted  t h a t  b o th  of th e  very  
weak j o i n t s  showed a com ple te ly  d a r k ,  :.mooth f r a t  Lute sui face  (oce T l a t e  
25) while  the j o i n t  which had a strength of 13,8 ml*a e x h i b i t e d  t h i s  type  
of f r a c t u r e  o v c  a p p ro x im a te ly  407 of the  s u r f a c e  ( s ee  P l a t e  26) . The 
same type  of f r a c t u r e  appeared a l s o  or  the j o i n t s  s o l d e r e d  a t  300 C 
(see  P l a t e  27) and to  a l e a  u r e x t e n t  on those  s o ld e r e d  at 2 4 0 ’c ( P l a t e  28) .
P l a t e  21 (X 700)
J o i n t  s o ld e r e d  a t  240°C. The co n t in u o u s  compound 
la y e r  a t  the i n t e r f a c e  i:; AuSn^.
PI a t e  22 # _ 1 P 0 )
J o i n t  s o ld e red  a t  300°C, c o n t a i n i n g  d e n d r i t i c  AuSn, 
w i th  AuSn/( and a p o s s i b l e  g o l d - l e a d  compound.
P l a t e  23
J o i n t  s o ld e re d  a t  240°C. The b r i g h t  f r a c t u r e  s u r f a c e  
i s  t y p i c a l  of h igh s t r e n g t h  j o i n t s .
P l a t e  2_A  *202.
J o i n t  s o ld e r e d  a t  220°C. The f r a c t u r e  has  t r a v e l l e d  
a t  the  AuSn^/AuSn^ i n t e r f a c e  in t h i s  . i ron.  Note the 
r e s i d u a l  AuSn,, on th e  gold  s u r f a c e .
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P l a t e  25
J o i n t  s o ld e r e d  a t  220 C and aged a t  100 C f o r  30 d a y j .  
Almost complete  low s t r e n g t h ,  d a r k  Au/AuSn^ i n t e r f a c e  
f r a c t u r e .
P l a t e  26
A second j o i n t  so lde red  a t  220 C and r^ed  fo r  30 d a y s .  
The amount of  dark  i n t e r f a c e  f r a c t u r e  was lower th a n  
in  2fj  above and the j o i n t  was c o r r e s p o n d i n g l y  s t r o n g e r .
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P l a t a  25
J o i n t  s o ld e r e d  a t  220°C and r%cd a t  100°C f o r  30 d a y s .  
Almost complete low s t r e n g t h ,  d a rk  Au/AuSn^ i n t e r f a c e  
f r a c t u r e .
P l a t e  26
A second j o i n t  so ld e red  a t  220°C and aged f o r  30 d a y s .  
The amount of d a rk  i n t e r f a c e  f r a c t u r e  wan lower than  
in  23 above, and the  j o i n t  was c o r r e s p o n d i n g l y  s t r o n g e r .
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Pl a t e  27
J o i n t  s o ld e re d  a t  200"‘c and aged f o r  30 d a y s .  The 
d a r k  f r a c t u r e  s u r f a c e  covers  a p p ro x im a te ly  40% of the  
t o t a l  a r e a .
P l a te  28
J o in t  s o ld e re d  at 240°C and aged f o r  30 d a y s .  The
proportion of d a rk  f r a c t u r e  s u r f a c e  i s  low.
M ic ro s c o p ic  exam ina t ion  r e v e a l e d  t h a t  th e s e  d a rk  a r e a s  were the  
r e s u l t  of s e n a r a t i o n  a t  the gold/AuSng i n t e r f a c e  ( s e e  P l a t e  2 9 ) .  I t  
was a l s o  a p p a r e n t  t h a t  the AuSn,, compound l a y e r  i n  p a r t i c u l a r  had 
in c r e a s e d  g r e a t l y  i n  t h i c k n e s s ,  from 2 - 3  m icrons  a f t e r  s o l d e r i n g  to  
ap p ro x im a te ly  30 m icrons  a f t e r  age ing  f o r  one month.  T h i s  t e n - f o l d  
i n c r e a s e  can be r e a d i l y  seen by comparison of P l a t e  17 w i t h  P l a t e  29.
The b r i g h t  a r e a s  on the  f r a c t u r e  s u r f a c e s  were a s s o c i a t e d  e i t h e r  
w i th  f r a c t u r e  th rough  the  c e n t r e  of the  j o i n t  o r  a t  the  AuSn^/AuSn^ 
i n t e r f a c e  ( see  P l a t e  30) .  The j o i n t s  s o ld e r e d  a t  200°C e x h i b i t e d  a l l  
three,  f r a c t u r e  t y p e s ,  those  s o lde red  a t  220°C were p r e d o m in a n t ly  of  the 
Au/AuSn,, i n t e r f a c e  type  and th o s e  s o ld e re d  a t  240°C were ma in ly  of the
AuSn^/AuSn^ i n t e r f a c e  type .
The r e s u l t s  o b ta in e d  from la p  j o i n t s  which had been  aged f o r  s i x t y  
days  a t  100° C r e v e a l e d  s l i g h t  i n c r e a s e s  in  s t r e n g t h  over th o se  aged for  
on ly  t h i r t y  days  ( see  Table 1 ) .  The j o i n t s  s o ld e r e d  a t  220°C were  aga in  
lower i n  s t r e n g t h  th a n  those s o ld e re d  a t  200 and 240 C. Once a g a i n ,  the  
f r a c t u r e  s u r f a c e s  of the 220° C j o i n t s  were a lm os t  c o m p le te ly  d a rk  and 
smooth,  c o r re s p o n d in g  to  s e p a r a t i o n  a t  the  Au/AuSiig i n t e r f a c e .  The 
p r o p o r t i o n  of d a r k  f r a c t u r e  s u r f a c e  was a l s o  seen  to have i n c r e a s e d  on 
the  o th e r  spec imens  ( see  P l a t e s  31, 32, 33) compared w i t h  th o s e  which 
had been aged f o r  on ly  30 days  (see P l a t e s  25,  26 ,  27 ,  2 8 ) .
M ic roscop ic  exam ina t ion  r e v e a l e d  t h a t  the  j o i n t s  s o l d e r e d  a t  200°C 
e x h i b i t e d  t h r e e  t y p e s  of f r a c t u r e ,  namely in  the  c e n t r e  of t h e  j o i n t ,  
a t  t h e  AuSn_/AuSn i n t e r f a c e  and a t  the  Au/AuSn^, i n t e r f a c e ,  i n  a p p r o x i ­
m a te ly  equa l  p r o p o r t i o n s .  Those s o ld e re d  at 220°C f r a c t u r e d  p red o m in an t ly  
•t the  Au/AuSn i n t e r f a c e , w i t h  smal l  a r e a s  i n  the  c e n t r e  of th e  j o i n ' ,  
and those  s o ld e r e d  a t  240°C f r a c t u r e d  p r e d o m in a n t ly  in  the  c e n t r e .  Ihe 
AuSn.; compound l a y e r s  i n  the j o i n t s  s o ld e r e d  a t  200 and 220 C had grown 
f u r t h e r  to  a p p ro x im a te ly  40 microns  in  t h i c k n e s s ,  w h i l e  in  the j o i n t s
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P l a t e  29
Soldered  a t  220°C and aged f o r  30 d a y s .  Growth of 
the compounds has  o c c u r r e d ,  l e a d in g  t o  s e p a r a t i o n  a t  
the  Au/AuSn,, i n t e r f a c e .  Th is  a r e a  c o r r e s p o n d s  t o  the 
d a rk  f r a c t u r e  s u r f a c e .
i
P l a t e  30 (X 150)
Soldered  a t  200°C and aged fo r  30 d a y s .  S e p a r a t i o n
a t  the  AuSn„/AuSn i n t e r  I 
2 4
b r i g h t  f r a c t u r e  s u r f a c e .
t  t  /  i t r f a c e ,  c o r r e s p o n d in g  to  the 
I
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P l a t e  31
Soldered  a t  200°C and aged f o r  60 d a y s .  Note i n c r e a s e d  
p r o p o r t i o n  of d a rk  Au/AuSn? i n t e r f a c e  f r a c t u r e .
P l a t e  32
Soldered at  ?20°C and aged fo r  60 d a y s .  Almost
t o t a l  s e p a r a t i o n  at  the Au/AuSi^ i n t e r f a c e .
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Pl a t e  33
Soldered  a t  240°C and aged f o r  60 d a y s .  The p ro p o r ­
t i o n  of d a rk  f r a c t u r e  s u r f a c e  has i n c r e a s e d  i n  
comparison  w i th  p l a t e  28.
P la t e  34
Soldered  a t  200°C and aged f o r  90 d a y s . Note in c re a s e d
p r o p o r t i o n  of d a rk  f r a c t u r e  su r f  a r c .
39
P l a t e  35
Soldered  a t  220°C and a&cd f o r  90 days -  T o ta l  
s e p a r a t i o n  a t  the Au/AuSn^ i n t e r f a c e  has  o c c u r r e d .
P l a t e  16
Soldered  a t  240°C and ag d f o r  90 d a y s . Once a g a in
the  p r o p o r t i o n  of  d a rk  f r a c t u r e  lias i n c r e a s e d  .
s o ld e re d  a t  240°C, they remained a t  app rox im ate ly  20 m i c r o n s . Th is  vas  
due to  a l a c k  of  f r e e  t i n  i n  the j o i n t , s i n c e  i t  had a l l  r e a c t e d  to  form
e i t h e r  AuSn^ o r  AuSUg by t h i s  t i m e .
A f t e r  ageing f o r  90 d a y s ,  the o r i g i n a l  s o l d e r i n g  t e m p e ra tu re  had 
l i t t l e  e f f e c t  on the  s h e a r  s t r e n g t h  of the j o i n t s ,  t h e s e  a l l  f a l l i n g  i n
the  range  8,4 to  15,6 mPa. The j o i n t s  s o ld e r e d  a t  200 and 240 C had
d e c r e a s e d  in  s t r e n g t h  w h i le  those  s o ld e re d  a t  220 C had i n . i e a s e c .  Once 
a g a in  the  f r a c t u r e  s u r f a c e s  r e v e a le d  i n c r e a s e d  a r e a s  of  d a rk  i n t e r f a c e
s e p a r a t i o n  (see  P l a t e s  34,  35 ,  3 6 ) .
The j o i n t s  so lde red  a t  200 and 220°r e x h i b i t e d  f u r t h e r  g rowth  of  t h e  
AuSn2 l a y e r  to  a p p ro x im a te ly  50 m ic ro n s ,  w h i l e  th o s e  s o ld e re d  a t  240 C 
showed no f u r t h e r  growth of  the compound l a y e r ,  w i th  s e p a r a t i o n  a t  the  
c e n t r e  of the j o i n t  p redomina t ing  i n  t h e s e  s p e c im e n s .
5 . 2 . 2 . 1 .  SCANNING ELKCTRON MICROSCOPE STUDIES OF THE FRACTURE 
SURFACES
I t  was f e l t  t h a t  the use of  a scanning  e l e c t r o n  m ic ro s co p e  w i th  t.'.e 
c a p a c i t y  to  a n a l y s e  smal l  a r e a s  would be of  g r e a t  v a l u e  i n  s tu d y in g  th e
f r a c t u r e  s u r f a c e s  o b ta in e d  a f t e r  t e s t i n g  s o ld e r e d  l a p  j o i n t s .  Such an
in s t ru m e n t  was k i n d l y  made a v a i l a b l e  by th e  Chamber of  Mines of South 
A f r i c a ,  and th e  r e s u l t s  ob ta ined  a r e  d i s c u s s e d  below.
The f i r s t  specimen s t u d i e d  was one which  had b e e n  s o ld e r e d  .it 200 C 
and aged f o r  30 days  a t  100°C . The a rea  of  i n t e r e s t  was a d a r k ,  smooth 
a r e a  a t  th e  c e n t r e  of th e  specimen.  At: low m a g n i f i c a t i o n  t h i s  was seen  
to  be a f l a t  a r ° a  surrounded by s t e e p  w a l l s  r i s i n g  to  an o th e r  f l a t ,  
p l a t e a u - l i k e  s u r f a c e  ( see  P l a t e  3 7 ) .  A n a ly s i s  of  t h e  lowei s u r f a c e  
r e v e a l e d  t h i s  to  be g o l d ,  whi le  the  p l a t e a u  a r e a  gave  s t r o n g  responses- 
f o r  bo th  gold and t i n .  U n f o r t u n a t e l y  the  a n a l y s i s  was no t  q u a n t i t a t i v e ,  
b u t  the  smoothne is of t h i s  s u r f a c e  i n d i c a t e s  t h a t  i t  i s  the  top  ol the  
the  AuSn,, compound l a y e r .  Thus t h i s  was an a r e a  where the  f r a c t u r e  had
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P l a t e  37 l x >-?£)-
S.E.M. pho tog raph  showing an a r e a  where t h e  f r a c t u r e  
had jumped from the  AuSn^/AuSn^ i n t e r f a c e  ( l e f t  hand 
s i d e )  to  the Au/AuSn^ i n t e r l a c e  ( c e n t r e ) .
P l a t e  38 (X I 200)
Highly ma ',niC ied view of the s t e p  down trom the 
AuSn^/AuSn^ i n t e r f a c e  to  the AuSn^/Au i n t e r f a c e
Low power view showing a l l  t h r e e  ty p e s  ol f r a c t u r e .
t r a v e l l e d  along the  AuSn^/AuSn,, i n t e r f a c e  and then  c ro s s ed  the  AuSn2 
i n t e r f a c e .  A v iew  of t h i s  s t e p  a t  h igh  m a g n i f i c a t i o n  i s  shown in  P l a t e
38.  The b r i t t l e  n a t u r e  of th e  AuSn2 l a y e r  can be seen  from the  many 
c ra c k s  i n  i t ,  and the  c l e a n  s e p a r a t i o n  between the  AuSn2 and the  gold  i s  
a l s o  a p p a r e n t .
A second specimen,  which had been s o ld e re d  a t  200 C and aged fo r  60
days was then  s t u d i e d .  P l a t e  39 shows an a r e a  of the specimen where a l l
t h r e e  type s  of  f r a c t u r e  had o c c u r r e d . The p l a t e a u  a t  the top of  the
p i c t u r e  i s  the  r . u r f  ace cf  t h e  AuSn2 l a v e r , i . e .  i n  t h i s  a r e a  f r a c t u r e
took p l a c e  along fh? AuSn^/ AuSn2 i n t e r f a c e . The f l a t  a r e a  runn ing
d i a g o n a l l y  a c r o s s  the  p i c t u r e  from th e  top r i g h t - h a n d  co rner  i s  the  g o 'd
s u r f a c e ,  the f r a c t u r e  having ru n  along the AuSn2/Au i n t e r f a c e  i n  t h i s
a r e a .  Below t h i s  a r e a  on the  r i g h t - h a n d  s i d e ,  the f r a c t u r e  r e v e r t e d  to
the AuSn,/AuSn„ i n t e r f a c e ,  p roducing  ano the r  smal l  p l a t e a u .  The rough,
4 I
dimpled a r e a s  in  the bottom l e f t  q u a r t e r  a r e  those  where the  f r a c t u r e  
p ro g re s s e d  th rough  the c e n t r e  of  the  j o i n t  above the  AuSn^ compound l a y e r ,  
producing  a t y p i c a l  dimpled d u c t i l e  f r a c t u r e  s u r f a c e .
5 . 2 . 3 .  CONCLUSIONS 
The fo l lo w in g  c o n c l u s i o n s  can be drawn from the  r e s u l t s  o b ta in e d  in  t h i s
i n v e s t i g a t i o n .
a) For the type  of j o i n t  s t u d i e d ,  the  shear  s t r e n g t h  i n c r e a s e s  w i th  
s o l d e r i n g  t e m p e ra t u r e .  This  i n c r e a s e  can be a t t r i b u t e d  to  a h ighe r  
p r o p o r t i o n  of  h a r d , s t r o n g  i n t e r m e t a l l i c  compound in  the  j o i n t .
However, the  compound i s  v e ry  b r i t t l e  and the im pac t  r e s i s t a n c e  of 
th e  j o i n t s  w i l l  be low.
b) Ageing of the  j o i n t s  a t  100°C a f t e r  s o l d e r i n g  produced  an o v e r a l l  
d e c r e a s e  i n  s t r e n g t h , a f t e r  t h r e e  months ,  of be tween 15 and 50%, 
depending  upon the  in i  t i. tL s o l d e r i n g  t e m p e ra t u r e .
c) The d e c r e a s e  i n  shea r  s t r e n g t h  a f t e r  igeing was a s s o c i a t e d  w i th  the
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appea rance  of smooth,  d a r k  a r e a s  on the  f r a c t u r e  s u r f a c e . Tt was 
noted t h a t  the w eakes t  j o i n t s  e x h i b i t e d  th e  g r e a t e s t  p r o p o r t i o n  of 
t h i s  type  of f r a c t u r e .  The d a rk  f r a c t u r e  s u r f a c e  was found to  
co r respond  to  a r e a s  where s e p a r a t i o n  a t  the  Au/AuSn^ i n t e r f a c e  had 
o c c u r r e d .
d)  Growth of the  AuSn,, compound l a y e r  o ccu r red  d u r in g  a g e in g ,  and t h i s  
growth  led to  s e p a r a t i o n  between th e  AuSng and the  g o l d .  i b i s  can 
be a t t r i b u t e d  to  shea r  s t r e s s e s  s e t  up a t  the  Au/AuSn^ i n t e r f a c e  
d u r in g  growth  of the AuSn9 , and t o  mismatch between the  c r y s t a l  
l a t t i c e s  of the f a c e - c e n t r e d  cub ic  gold and the  o r tho rhom bic  Aubn2 .
From l a t t i c e  spac d a t a ,  i t  can be c a l c u l a t e d  t h a t  a 3% volume 
i n c r e a s e  occu rs  when go ld  and t i n  r e a c t  to  form AuSn2 , and t h i s  may
lead t o  s t r e s s e s  a t  th e  i n t e r f a c e ,  
e)  The growth  r a t e  of  the  AuSn^ l a y e r  was lower i n  the  specimens  s o ld e r e d  
t 240°C than  i n  those  so lde red  a t  200 and 220 C. Th i s  was because 
most of  the  t i n  in  the  so ld e r  had r e a c t e d  w i th  go ld  d u r in g  s o l d e r i n g  
and l e s s  f r e e  t i n  was a v a i l a b l e  f o r  compound fo rm a t ion  d u r in g  a ge ing .  
Thus the  o n s e t  of l o s s  of s t r e n g t h  due t o  s e p a r a t i o n  a t  th e  Au/AuSr^ 
i n t e r f a c e  was d e l a y e d ,  bu t  a f t e r  90 days  a g e i n g ,  the  s t r e n g t h s  had 
f a l l e n  to  much th e  same level  as  those  of the o t h e r  j o i n t s .
5 .3  TESTS ON JOINTS BETWEEN GOLD PLATED SURFACES
5 . 3 . 1 .  EXPERIMENTAL WORK 
I t  was d ec ided  to  u n d e r t a k e  a f u r t h e r  s tudy  to  d e t e rm in e  the e f f e c t  of 
age ing  upon the  t e n s i l e  p r o p e r t i e s  of s o ld e re d  j o i n t s  between the  types  
of g o l d - p l a t e d  s u r f a c e s  normal ly  encoun te red  in  i n d u s t r i a l  a p p l i c a t i o n s .  
Three type s  of gold  p l a t e  were s e l e c t e d , and two of t h e s e  were s tud ied  
b o th  with  and w i thou t  a n i c k e l  u n d e r p l a t e .  Two t h i c k n e s s e s  of gold p l a t e ,  
r e p r e s e n t i n g  the  p r a c t i c a l  minimum and maximum, were used i n  the  s tu d y .
The types  of go ld  p l a t e  r e q u i r e d  were n e t  a v a i l a b l e  i n  South  A f r i c a ,
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and t h e r e f o r e  the F o r s c h u n g s i n s t i t u t  f t i r  E d e l m e l a l l e  und M eta l lchem ie  
i n  SwHbisch-Gmtind, West Germany were approached by the  Chamber of  Mines.  
This  i n s t i t u t e  i s  d e e p ly  invo lved  i n  the f i e l d  of  g o l d - p l a t i n g  and very 
k in d l y  ag reed  to  supply  the  r e q u i r e d  spec im ens .  On t h e i r  recommendations,  
t h r e e  types  of  gold were s e l e c t e d  as b e in g  r e p r e s e n t a f i v e  of those  used 
f o r  the  p l a t i n g  of  p r i n t e d  c i r c u i t  boa rds .  These were:
1) A hard go ld  from a c i t r i c  ic id  s o l u t i o n  c o n t a i n i n g  KAu(CN)^ a t  a pH 
of  app rox im ate ly  3.  Th is  go ld  co n ta in e d  0 , 3  t o  0 , 4  mass per  cen t  
c o b a l t , and was a l s o  produced u n d e r  tdie n e c e s s a r y  c o n d i t i o n s  to  
ensu re  t h a t  i t  c o n ta in e d  o rg a n ic  polymer m a t e r i a l ,  such  as t h a t  
i d e n t i f i e d  by Munier**.
2) Gold from a cyan ide  f r e e  e l e c t r o l y t e ,  c o n s i s t i n g  of  a g o l d - s u l ,  h i t e  
complex,  a t  a pH of  app rox im ate ly  9.
3) Gold from an a l k a l i n e  cyanide  ba th  c o n t a i n i n g  KAu(CN) 2 a t  a pH of 
10 or  h i g h e r . Th is  p l a t e  was produced so as to  be f r e e  of o r g a n ic  
m a t e r i a l .
The gold  was p l a t e d  onto  copper s u b s t r a t e s ,  and in  the  c a s e s  of types  
1 and 3, a second s e t  o f  specimens was p rov ided  w i t h  a 5 to  7 micron 
under  l a ye r  of  e l e c t r o l e s s  n i c k e l  d e p o s i t e d  from a W a t t ' s  h a t h .  A l l  
t h r e e  types  were p rov ided  in  two t h i c k n e s s e s ,  namely 3 and 10 m ic rons .
3 m icrons  i s  the  p r a c t i c a l  minimum n e c e s s a r y  tc  e n s u r e  good c o r r o s i o n  
r e s i s t a n c e  and s o l d e r a b i l i t y ,  w h i l e  10 microns  i s  t h e  approx im ate  maximum 
t h i c k n e s s  f o r  economic r e a s o n s .
The procedure for  th -  manufacture of soldered lap j o i n t s  was e s s e n t i a l l y  
the same as that used in  tne study of j o i n t s  made between bulk gold  
s u r f a c e s ,  descr ibed  in an e a r l i e r  s e c t io n  of tl i s  ch apter .  I t  
however, no longer necessary  to .-<•«•- composite teal  p i e c e s ,  s in c e  the 
copper cubstra te  onto which the gold was p la ted  provided the necessary  
load-bearing  ca p a c i ty .
I
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The specimens o b ta in ed  from Germany were i n  the form of 50 by 30 mm. 
tough  p i t c h  copper  p l a t e s , 3 mm. i n  t h i c k n e s s .  Each p l a t e  was p l a t e d  
w i th  g o l d  on one s i d e  f o r  a l e n g t h  of 15 mm. along w i th  50 mm. s i d e  ( see  
F ig u r e  1 6 ) .  A t o t a l  of twenty  such p l a t e s  were  r e c e i v e d ,  b roken  down 
a c c o rd in g  t o  t h e  p l a t i n g  sc h e d u le  below:
No of 
P l a t e s
Type of 
Au Bath
T h ickness  of Au 
l a y e r ,  (microns)
2 1 3
2 1 10
2 2 3
2 2 10
2 3 3
2 3 10
2* 1 3
*
2 1 10
*
2 3 3
*
2 3 10
* With a 5 to  7 micron W a t t ' s  n i c k e l  u n d e r p l a t e
Each p l a t e  was machined to  produce  f i v e  s t r i p s  5 mm. wide by 50 mm.
long ,  r e s u l t i n g  in  t e n  s t r i p s  of each  d i s t i n c t  t y p e .  ihus f i v e  la p
j o i n t s  could be made in  each  c a t e g o ry  and i t  was d e c i d e d  to  t e s t  one oi
t h e s e  in the  a s - s o l d e r c d  c o n d i t i o n ,  two a f t e r  age ing a t  100°C f o r  30
days  and two a f t e r  ageing f o r  60 d a y s .
The l a p  i o i n t s  were c o n s t r u c t e d  by clamping two s t r i p s  t o g e t h e r  w i th  
a 5 by 10 mm, 0 ,1  mm. t h i c k  s o l d e r  f o i l  between the  go ld  s u r f a c e s , as 
d e s c r ib e d  p r e v i o u s l y ,  and then  immersing the  clamped assembly in  a s a l t  
b a t h  a t  the r e q u i r e d  t e m p e r a t u r e .  A s o l d e r i n g  Lemperaure of  2 20 (. was 
used f o r  a l l  of  the spec im ens ,  and due to  t h e i r  lower  mass,  t a e  s o l d e r i n g
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FIGURE 16 G o ld -P la t e d  Copper S h e e t , as  r e c e i v e d  from Germany, b e fo re  
c u t t i n g  i n t o  f i v e  mm. s t r i p s .
3 0  mm.
3 mm
TOUGH PITCH COPPER SU35TRATE
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FIGURE 16 G o ld -P la t e d  Copper S h e e t ,  a s  r e c e i v e d  from Germany, b e f o r e  
c u t t i n g  i n t o  f i v e  mm. s t r i p s .
TOUGH PITCH COPPER SLB5THATE.
GOLD PLATE.
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time was reduced  from s even ty  to  s i x t y  s e c o n d s . The go ld  p l a t e d  s u r f a c e s  
were n o t  e tched  p r i o r  to  s o l d e r i n g ,  b u t  were swabbed w i th  t r i c h l o r o c -
t h y l e n e , r i n s e d  w i th  a l c o h o l ,  and d r i e d .
A f t e r  s o l d e r i n g  the specimens were removed from the  clamp and e i t h e r  
t e s t e d  in  the a s - s o l d e r e d  o n d i t i o n  or  aged a t  100°C i n  an a i r  oven.
The s h e a r  s t r e n g t h s  were measured on a llounsf i e l d  fensometer  , and a 
s t r e s s - s t r a i n  cu rve  was o b ta in e d  f o r  each  s pec im en . The appearance  of 
each  f r a c t u r e  s u r f a c e  was n o te d ,  and m ic ro s c o p ic  ex am in a t io n  was used to 
d e t e rm in e  the  p a t h  fo l low ed  by the  f r a c t u r e .
5 . 3 . 2 .  RESULTS AND DISCUSS 10*1 _
The r e s u l t s  o b ta in e d  from the whole s tu d y  a r e  shown i n  Table  2 .  Three  
im p o r ta n t  c o n c l u s i o n s  can  immediately  be drawn from t h e s e ,  nam ely .
a.  I n  every  c a s e ,  age I g a t  100°C reduced the  shea r  s t r e n g t h s  of the. 
j o i n t s ,  and the  lo  of s t r e n g t h  in c re a s e d  w i th  i n c r e a s e  in  age ing
tim e .
b.  The s t r e n g t h s  of j o i n t s  made between t e n  micron  t h i c k  g o l d - p l a t e d  
s u r f a c e s  were in  e v e ry  c a s e  i n f e r i o r  t o  th o s e  of j o i n t s  between
t h r e e  micron  g o l d - p l a t e d  s u r f a c e s .
c.  The p re s e n c e  of a n i c k e l  u n d e r - p l a t e  was d e t r i m e n t a l  to j o i n t  s t r e n g t h .  
The type of gold  p l a t e  s e l e c t e d  had a profound e f f e c t  upon the
s t r e n g t h  of t h e  s o ld e re d  j o i n t .  The r e s u l t s  o b ta in e d  f o r  specimens  
p l a t e d  with  a c i d  cyan ide  gold (b a th  1) were very  low and s e v e r a l  of the  
j o i n t s  were found to  have s e p a ra t e d  under no a p p l i e d  s t r e s s ,  dur .ng
the  ageing t r e a t m e n t .
The f i r s t  f i v e  specimens  "n t h i s  g roup  e x h i b i t e d  s h i n y ,  g r a n u l a r
f r a c t u r e  s u r f a c e s  and were found to  have f a i l e d  i n  th e  c e n t r e  of the
j o i n t  ( see  P l a t e  AO). Most of th< g o l d - p l a t e  had d i s s o l v e d  d u r in g
s o l d e r i n g  and t h e r e f o r e  compound growth  d u r in g  age ing  was l i m i t e d .  Same
grow th  d id  t a k e  p la c e  hoxvuv-", ( see  P l a t e s  41 and 42 ) and th e  specimen
TAS’-S  2 RZSULTS O f SHEAR TESTS ON SOLDERED JO IN T S SE r-T E N  COLD-RUTEO SURFACES.
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N a tu r e  of F r a c t u r e
Typ« of C o ld
P l a t e
G a i c r o n s )
S u b s t r a t e P er  iod 
C io n t h e )
S t r e n g t h
fcaPft)
1 1 3 No Yes 0 9 . 8 B r i g h t ,  i n  c e n t r e  o r  A d ja c e n t  t o  A uS a .  
l a y e r
2 1 3 No Tee 1 2 , 9 B r i g h t ,  i n  c e n t r e  o f  j o i n t .
3 1 3 No Tee x  1 0 B r i g h t ,  i e  c e n t r e  o f  j o i n t .
4 1 3 No Tee 1 . 3 B r i g h t ,  i e  c e n t r e  o f  j o i n t .
i 1 3 No Tee 2 0 . 4 B r i g h t ,  i n  c e n t r e  o r  a t  AuSn^/Cu 
i n t e r l a c e .
6 1 10 No Tee 0 D a r k ,  a t  AuSn^/Au i n t e r f a c e .
7 1 10 No Tea 1 0 D a r k ,  a t  c e n t r e  o r  sr. AuSa^/AoSa^ 
i n t e r f a c e .
8 1 10 No Tee I 0 D o r k ,  a t  AuSn^/Au i n t e r f a c e .
9 1 10 s Tee 2 0
D a r k ,  a t  JLuSo^/Au i n t e r f a c e *
10 1 10 No Tee 2 0 D ark ,  a t  AuSo^/Au i n t e r f a c e *
11 1 3 Tee Tee 2 .3 B r ig h t . ,  i n  c e n t r e  o r  a t  AuSn^/Wl
i n t e r f a c e .
12 1 3 Tee Tee 1 0 B r i g h t ,  i n  c e n t r e  o r  a t  AuSr-^/Ni
i n t e r f a c e .
13 1 3 T e e Tea 4 . 0 B r i g h t ,  ad j a c e n t ,  t o  AuS*^ o r  a t  A uSo^/W i
« i n t e r f a c e .
14 1 3 Te e Tea 2 0 B r i g h t ,  i n  c e n t r e  ok a t  A n S s u /N t
i n t e r f a c e .
15 1 3 T e e Tea 2 0 B r i g h t ,  i n  c e n t r e  o r  a t .  AuSa^/N i
i n t e r f a c e .
16 1 10 Tee Tee c B r i g h t ,  i n  c e n t r e  arul d a r k *  a t  A aS r . . /N ji o t e r f a c e .
17 1 10 Tea Tea 1 c D a r k ,  sit  AuSn^/A** i n t e r f a c e
18 1 10 Tea Tea I 0
B r i g h t ,  i u  c e n n e  and  d a r k  a t  A u S r ^ /A u
ix .vr .rt a c e .
19 1 10 Tee Tee 2 0 B r i g h t ,  l u  c e n t r e  a n d  d s r k  uK. AuSo^/A ui n v e r t  a c e .
20 1 10 Tes Tea 2 0 D s r k ,  a t  AuSn^/Mi i a t e r f  a c e .
21 2 3 No No 2 2 .7 B r i g h t ,  a d j a c e n t  t o  AuSo^ esc a tAuSo^/AuSn^ I n t e r f a c e .
22 2 1 No No 1 2 0 , 6 B r i g h t ,  a d j a c e n t  t o  AuSe or  a tAviSo^/AuSnj I n t s r f a c e .
23 2 3 •to Be 1 1 2 .0 B r i g h t ,  a d j a c e n t  o t  Auin^  o r  a tAufn^/AaSn^ i n t s r f  a c .
24 2 3 No No 2 14 ,2 f . t g h t ,  a d j a c e n t  t o  A u la ,  o r  a tAuSn^/AuSd^, i n t e r f a c e .
25 2 3 No Bo 2 1 6 ,0 B r i g h t ,  a d j a c e n t  t o  AuSa^ o r  a t
M Sn^ /A uSn ^  i n t s r f  a r e .  ’
26 2 10 No No 1 9 .5 B r i g h t ,  a d j a c e n t  t o  AuSn o r  a tAuSo^/AuSa^ i n l e r f  e^ a  ,
27 2 10 No No I 1 4 .2 B r i g h t ,  a d j a c e n t  l o  AoDr,. o r  a tAuSe^/AssSe i o t e r f  s e e .
28 2 10 No Be 1 14 .2 B r i g h t ,  a d j a c e n t  t o  AuSn^ o r  a t
AuSe^/A uSej l a t e r ! a c e ,
29 2 10 No No 2 1 2 .9 B r i g h t ,  i e  c e n l t e  o f  J o i n t *
30 2 10 So No 2 1 3 .1 B r i g h t .  In  c e n t ,  a o f  j o i n t .
31 3 3 No i ' ; * . i
B r i g h t ,  i n  c e n t r e  o r  a d ) a * n e t  t o  
AuS«4 l a y e r ,
32 3 3 No No 1 1 4 .7 B r i g h t ,  i n  c e n t r e  o r  a t  A o Sa . /A uBe. 
I n t e r f a c e .
33 1 3 No Be 1 2 0 . 3 B r i g h t ,  l a  c e n t r a  n r  a t  AuSit. /AuSiv, 
I n t e r f a c e .
34 3 3 Bo No 2 1 5 . 6 B r i g h t ,  l a  c e n t r e  o r  a t  AuSa /A uSe^ 
i a t e r f  a r e .
3 5 3 3 No Mo 2 1 9 / B r i g h t ,  i n  c e n t r e  o a t  AuS.n /A u 3e .  
i n t s r f a c e .
3 6 3 10 No No 0 2 0 .9 D s r k ,  a t  A u ?n . /*  n-  o r  a d j e c a o t  t o  
AuSn^ l a / s . .
37 3 10 No No A 10.7 D m k ,  a t  AuSn^ i n t e r f a c e *
3 8 3 10 No No 1 3 .1 D « r k ,  a t  AuLn^, I n t e r f a c e ,
3 9 3 10 No No 2 7 , 6 D a r k ,  a t  AuSn^ i n t e r f a c e .
4 0 10 Nc No 2
0 D a r k ,  a t  AuSn^ i n t e r l a c a .
41 3 3 Tes No 0 1 .9 1 B r i g h t ,  adj s c e n t  t > A*»Sn o r  AoSn, /  
A u ln ^  i u t e r f  » •  .
4 2 3 3 T e s Ht. I 8 . 3 D a r k ,  a t  AuSn^/Mi i n t e r  it a t * .
43 3 3 T e No ) 3 . 3 D a r k ,  a t  Au.5n,/J<l I n t e r f a c e *
44 3 3 Tes :«o 2 2 .7 D s r k ,  a t  AuSn^/Hl i n t e r f a c e .
43 3 J Tes No 2 6 . 2 D a r k ,  a t  A u5n^/N i i n t e r f a c e .
Ao 3 10 Tee No 0 1 8 .7 B r i g h t ,  i n  c e n t r e  and a t  A u S n . /A x ^ u .  
i n t e r f a c e .
V 3 10 Tes No 1 3.1 D a r k ,  a t  Auatx^/Au I n t e r f a c e
4 3 J 10 Tes No I 2 .5 Dai k ,  a t  Aa$v^/Au i u t e r f  s ea
49 3 10 Tes .to 2 3 . 1 D a r k ,  a t  AuSa,/ .Xu5 1 .  o r  A uSn. /Au 
• a t e r f a c a .  % i  2
3 10 Tee Me 2 4 . 7 J s r k  AuCn^/Au o r  A aSn^/N l i n t e r f  s e e .
z  /v
P la te  40 (X 200)
Specimen no.  1, showing f a i l u r e  i n  the c e n t r e  of the  
j o i n t .
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P la te  41
Specimen no.  2.  Note the growth of the AuSn2 layer  
af ter  ageing for 30 days.
P l a t e  42
Specimen no.  5,  showing growth of AuSn^ and f a i l u r e  
i n  the l e a d - r i c h  aone between the  AuSn^ l a y e r s .
Note a l s o  the  p o r o s i t y  in t h  j o i n t .
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which had been aged f o r  s i x t y  days was found to  have f r a c t u r e d  i n  the 
l e a d - r i c h  zone between the  columnar AuSn^ c r y s t a l s  which had grown from 
each s id e  of  the j o i n t .  A l l  f i v e  of th e  specimens  e x h i b i t e d  c o n s i d e r a b l e  
p o r o s i t y  due to  gas  e v o l u t i o n  d u r in g  s o l d e r i n g .
Specimens 5 to  10 were a l l  v e ry  weak, e i t h e r  f a i l i n g  b e f o r e  any
m easurab le  load was a p p l i e d  or  s e p a r a t i n g  d u r in g  the  ageing  t r e a t m e n t .
These a l l  e x h i b i t e d  d a r k ,  smooth f r a c t u r e  s u r f a c e s  (see  P l a t e  43 ) 
s i m i l a r  t o  th o se  o b ta in e d  in  the i n v e s t i g a t i o n  on bu lk  gold  s u r f a c e s  
(see P l a t e  35).
M ic ro s c o p ic  exam ina t ion  revea led  t h a t  t h e r e  was a l a y e r  of r e s i d u a l  
g o l d , ap p ro x im a te ly  5 m icrons  in  t h i c k n e s s , r em a in ing  on the s u r f a c e  of 
th e  copper s u b s t r a t e .  The d a r k  f r a c t u r e  s u r f a c e  was found to  correspond 
to  s e p a r a t i o n  a t  the  i n t e r f a c e  between the AuSn^ compound l a y e r  and the
r e s i d u a l  g o ld  ( see  P l a t e  # ) .  Specimen 7 showed some s e p a r a t i o n  i n  the
c e n t r e  of the  j o i n t , c o r re spond ing  to  the b r i g h t  a r ea  on the f r a c t u r e  
s u r f a c e  in  P lace  43 . Both modes of f r a c t u r e  a r e  shown in  the photomicro  
g r a p h ,  P l a t e  45. C o n s id e rab l e  growth of the  AuSn^ l a y e r  o c c u r re d  d u r ing  
ag e in g ,  p roduc ing  a f i n a l  l a y e r  a p p ro x im a te ly  20 microns  in  w id th .
Specimens 11 to  15 co r respond  to  numbers 1 to  5 exce p t  t h a t  they had 
a 5 to  7 micron n i c k e l  u n d e r - l a y e r .  These j o i n t s  a l s o  produced b r i g h t  
f r a c t u r e  s u r f a c e s  and s e p a r a t i o n  was found to  h^ve o ccu r red  i n  the c e n i r c  
of  the j o i n t  ( see  P l a t e  46).  A l l  of the  gold  had d i s s o lv e ^  md t h e r e  
was a l a y e r  of columnar Au S i v c r y s t a l s  a d j a c e n t  to  the n i c k e l  s o r t  ace .
The aged specimens r e v e a l e d  smal l  a r e a s  where f r a c t u r e  had o ccu r red  between
the  n i c k e l  and the AuSn, l a y e r .
Specimens I '1 to  20 were once a g a in  e x t r e m e ly  weak, and r e v e a l e d  e i t h e r  
p a r t i a l  o r  complete  d a r k  AuSn,/Au i n t e r l a c e  f r a c t u r e s  (see P l a t e  47).
As in  the  case  ol specimen numbers (> to  10,  t h e r e  was a r e s i d u a l  l a y e r  of 
g o ld ,  and growth of  the AuSn, layer  a d j a c e n t  to  t h i s  occur red  d u r in g  ageing
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P l a t e  43
Srecimens  7 ( to p )  and 8 (bot tom) . Dark f r a c t u r e  
s u r f a c e s  of low s t r e n g t h  j o i n t s .
P l a t e  44 i x_ 2 M
Specimen no.  6 . Complete s e p a r a t i o n  between the 
AuSn la y e r  and the  r e s i d u a l  g o ld .
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P l a t e  45 (X 130)
Specimen no .  7 ,  showing both  f r a c t u r e  in  the c e n t r e  
of the  j o i n t  and s e p a r a t i o n  a t  the  Au> AuSnQ i n t e r f a c e
/
—r  -  * '~ +  — -  *
P l a t e  46 (X 1,*0)
Specimen no. 1L. Note the columnar AuSn^ c r y s t  a 1s 
from each s u r f a c e  and f r a c t u r e  In the  zone between 
them. The n i c k e l  under  l a y e r  i s  v i s i b l e  between the 
copper s u b s t r a t e  and the  AuSn^ c r y s t a l s .
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A
P l a t e  47
Specimens 17 ( top )  and 18 ( b o t to m ) . P a r t i a l  or 
complete AuSn,?/Au f r a c t u r e s .
f i
m tr.'
P l a t e  48 (
Specimen no 19.  Note growth  of  AuSn^ and s e p a r a t i o n  
bo th  a t  th e  Au/AuSn- i n t e r f a c e  and i n  th e  c e n t r e  of 
the  j o i n t .  The n i c k e l  under l a y e r  i s  a H o  v i s i b l e .
(see  P l a t e  4 8 ) .  The b r i g h t  a r e a s  on th e  f r a c t u r e  s u r f a c e s  were found 
to  co r re spond  to  s e p a r a t i o n  in  the c e n t r e  of the  j o i n t .
Specimens 21 to  25 were p l a t e d  w i th  a  3 micron l a y e r  of go .d  from a 
s u l p h i t e  b a t h  (bath 2 ) .  These j o i n t s  were much s t r o n g e r  th a n  th o s e  
p l a t e d  in  the  ac id  cyan ide  b a t h ,  a l th o u g h  t h e r e  was a s i g n i f i c a n t  d e c r e a s e  
i n  s t r e n g t h  as  the t ime of age ing  at 100°C i n c r e a s e d .  A l l  of t h e s e  j o i n t s  
gave b r i g h t ,  g r a n u la r  f r a c t u r e  s u r f a c e s ,  such as  i s  shown in  P l a t e  49.
Under the  mic roscope ,  the f r a c t u r e  was seen  to  have o c c u r r e d  e i t h e r  a d j a c e n t  
to  th e  AuSn4 la y e r  o r  a t  the  AuSn^/AuSn^ i n t e r f a c e  ( see  P l a t e  5 0 ) .  The 
mode of f r a c t u r e  d id  no t  change w i th  a g e in g ,  b u t  some compound grow th  and 
a g e n e r a l  c o a r s e n in g  of the s t r u c t u r e  was a p p a r e n t  ( s ee  P l a t e  5 1 ) ,  and 
O i i s  was p robab ly  r e s p o n s i b l e  f o r  the d e c r e a s e  in  s t r e n g t h .
Specimens 26 to 30,  t h a t  i s  those  p l a t e d  w i th  10 m icrons  of gold  from 
th e  s u l p h i t e  b a t h ,  were g e n e r a l l y  weaker than  those  w i th  a 3 micron  
s u l p h i t e  gold layer  (specimens  21 to  2 5 ) ,  due to  the  i n c r e a s e d  p r o p o r t i o n  
of g o l d - t i n  compounds in  the  s o l d e r  f i l l e t .  Once a g a i n ,  t h e r e  was a 
d e c r e a s e  i n  shea r  s t r e n g t h  w i th  age ing  a t  100°C. The specimens  a l l  
e x h i b i t e d  b r i g h t ,  g r a n u la r  f r a c t u r e  s u r f a c e s ,  c o r r e s p o n d in g  to  s e p a r a t i o n  
i n  the l e a d - r i c h  zone a d j a c e n t  to th e  AuSn^ l a y e r ,  o r  i n  the c e n t r e  of 
th e  j o i n t ,  as  in  the case  of  21 to  25 above.  There  was a r e s i d u a l  gold 
l a y e r ,  and growth of  the AuSn? la y e r  a d j a c e n t  to  t h i s  o c c u r re d  d u r in g  
a g e i n g . The d e c r e a s e  in  s h e a r  s t r e n g t h  a f t e r  age ing  can once a g a i n  be
a t t r i b u t e d  to  :o a rsen ing  of  the  s t r u c t u r e .
The specimens p l a t e d  w i th  a 3 micron l a y e r  of gold  from the  a l k a l i n e  
cyan ide  h a th  (numbers 31 to  35 ) ,  showed h igh shea r  s t r e n g t h s .  Specimens 
32 and 34 were found to  e x h i b i t  bad w e t t i n g  of  the g o l d  by t h e  s o l d e r , 
and thus  gave low v a l u e s .  The lack  of w e t t a b i l i t y  of t h i s  ty p e  of gold  
p l a t e  was to  prove a problem i n  t h i s  s tu d y .  Specimens p l a t e d  i n  b a th s  
1 and ? s o ld e r e d  r e a d i l y ,  b u t  those  from b a th  3,  a l th o u g h  s o ld e r e d
P l a t e  49
Specimens 22 ( top )  and 23 ( b o t to m ) . B r ig h t  f r a c t u r e  
s u r f a c e s  of  h igh  s t r e n g t h  j o i n t s .
P l a t e  50 (X  1 3 0 )
Specimen no.  21. S e p a r a t i o n  a t  th e  AuSn^/AuSn^ 
i n t e r f a c e  or  a d j a c e n t  to  the AuSn^ l a y e r .
P l a t e  51 (X 130)
Specimen no.  25. Some growth  of the  compounds and 
c o n s i d e r a b l e  c o a r s e n in g  of the  s t r u c t u r e  has  occur red  
d u r i n g  the  ageing t r e a t m e n t . ( c f . P l a t e  50)
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ac c o rd in g  to  the same p rocedu re  r e v e a l e d  a s i g n i f i c a n t  degree  of non­
w e t t i n g  i n  app ro x im a te ly  h a l f  of the  s p ec im en s .
Specimens 31 t o  35 a l l  e x h i b i t e d  a b r i g h t  f r a c t u r e  s u r f a c e ,  and sep­
a r a t i o n  was found t o  have o c c u r re d  bo th  in  the  c e n t r e  of the j o i n t  and 
a t  the  AuSn^/AuSn^ i n t e r f a c e  (see P l a t e  52 ) .
The shear  s t r e n g t h s  of specimens  36 to  40,  i . e .  chose hav ing a 10 
mic ron  a l k a l i n e  c y a n id e  p l a t e ,  were v e ry  s e v e r e l y  reduced  by a ge ing  a t  
100°C. Number 36 produced a h igh  s t r e n g t h  f r a c t u r e  a d j a c e n t  t o  the  
AuSn^ l a y e r  or  a t  th e  AuSn^/AuSn2 i n t e r f a c e  b u t  th e  specimens  which were 
aged a l l  e x h i b i t e d  t y p i c a l  d a r k  f r a c t u r e ,  s u r f a c e s ,  c o r r e s p o n d in g  to  
s e p a r a t i o n  a t  the Au/AuSn^ i n t e r f a c e  ( see  P l a t e  5 3 ) .  The p re s e n c e  of 
r e s i d u a l  g o ld  enab led  c o n s i d e r a b l e  growth of the  compound l a y e r s  to  occur 
l e a d i n g  to  s e p a r a t i o n  a t  t h i s  l o w - s t r e n g t h  i n t e r f a c e .
The shea r  s t r e n g t h  of specimen 41 was h ig h ,  and the  f r a c t u r e  was 
found to  have o ccu r red  e i t h e r  a t  t h e  AuSn^/AuSn^ i n t e r f a c e ,  o r  a d j a c e n t  
to  the  columnar AuSn^ l a y e r , g i v i n g  a b r i g h t  f r a c t u r e  s u r f a c e .  The 
s t r e n g t h  was lower than  t h a t  of specimen 31,  which had th e  same th i c k n e s  
(3 m ic rons )  of a l k a l i n e  cyan ide  g o l d , bu t  was w i th o u t  a l a y e r  of  n icke l  
ben ea th  the  g o ld .  The jc .  i t s  i n  t h i s  c a t e g o ry  which had been aged ,  
however,  y i e ld e d  low shear  s t r e n g t h s , and produced d a r k ,  smooth f r a c t u r e s  
a t  th e  AuSn^/Ni i n t e r f a c e ,  shown i n  P l a t e s  54 aid  55. The l a c k  of 
comple te  w e t t i n g  of  the gold  s u r f a c e  can a l s o  be seen  in  t h e s e  p h o to g rap h s .
Specimens 46 to  50 r e v e a l e d  the same d e c r e a s e  i n  shea r  s t r e n g t h , 
t o g e t h e r  w i th  the  co r re s p o n d in g  change in  f r a c t u r e  mode, upon a g e in g .  
Growth of the AuSn^ l a y e r  was seen to  have o c cu r red  on ageing  and t h i s  
led to  complete  s e p a r a t i o n  a t  the  i n t e r f a c e  between the  AuSu^ l a y e r  
and th e  go ld  which remained a f t e r  s o l d e r i n g . A t y p i c a l  d a rk  smooth 
i n t e r f a c e  f r a c t u r e  s u r f a c e  i s  shown i n  P l a t e  55.
P la t e  52
Specimen no. 33. S e p a r a t i o n  h a s  o ccu r red  i n  the c e n t r e  
of th e  j o i n t  and a t  the  AuSn^/AuSi^ i n t e r f a c e .
Specimen no.  39. The p r e s e n c e  oi r e s i d u a l  gold  has  
enab led  growth  of t h e  AuSn^ l a y e r  to  o c c u r ,  c a u s in g  
s e p a r a t i o n  a t  the Au/AuSn^ i n t e r f a c e .
I l l
P l a t e  54
Specimens 42 ( top)  and 43 (b o t t o m ) . Low s t r e n g t h , 
d a r k  f r a c t u r e s  a t  the  AuSa^/Ni i n t e r f a c e .  Note a l s o  
the  incom ple te  w e t t i n g  of the go ld  by th e  s o l d e r .
P l a t e  53
Specimens 45 ( vop) and 49 ( ’ ot tom) . Typ ica l  d a r k  
f r a c t u r e s  c o r r e s p o n d in g  to s e p a r a t i o n  a t  t ae  AuSn^/Au 
i n t e r f a c e  a f t e r  growth c f  the AuSl^  d u r i n g  a g e i n g .
5 . 3 . 3 .  CONCLUSION
From the r e s u l t s  of the  t e s t s  p e r fo rm e d , the f o l l o w i n g  c o n c l u s i o n s  can
be drawn:
a .  O p e ra t io n  of s o ld e r e d  c o n n e c t io n s  between go ld  p l a t e d  s u r f a c e s  a t  
m o d e ra te ly  e l e v a t e d  te m p e ra tu r e s  f o r  ex tended  p e r i o d s  i s  d e t r i m e n t a l  
to  the  s t r e n g t h  of  the  c o n n e c t io n s .
b.  The d e c r e a s e  in  j o i n t  s t r e n g t h  i s  a s s o c i a t e d  with  th e  growth  of g o l d -  
t i n  i n t e r  me ta l  l i e s , p a r t i c u l a r l y  AuSn,,. l e a d in g  to  s e p a r a t i o n  a t
th e  gold/AuSn^ i n t e r f a c e  and p roduc ing  a t y p i c a l  d a r k ,  smooth 
f r a c t u r e  s u r f a c e .
c .  The use of  t h i c k  gold  p l a t e  should be av o id e d ,  s i n c e  th e s e  j o i n t s  were 
i n v a r i a b l y  weaker th a n  those  made w i th  t h i n  gold  p l a t e .  I he t h i c k  
go ld  p l a t e  d id  no t  a l l  d i s s o l v e  dur ing  s o l d e r i n g ,  and t h i s  enabled  
mass ive growth  of the  g o l d —t i n  compounds t o  occur  du r ing  th e  ageing  
t r e a t m e n t .
d . The p re s e n c e  of a n i c k e l  un d e r—la y e r  i s  d e t r i m e n t a l  to  j o i n t  s t r e n g t h .
e.  Gold from an ac id  cyan ide  b a t h  should  be avoided f o r  a p p l i c a t i o n s  
in v o l v in g  s o l d e r i n g .  The very  low s t r e n g t h s  of j o i n t s  made w i th  th iv  
cype of go ld  p l a t e  may be due t o  the  p re s e n c e  of an o rg a n ic  polymer,  
a l though  no d i r e c t  ev idence  f o r  t h i s  was found .  I t  was no ted  t h a t  
th e s e  j o i n t s  co n ta in e d  c o n s i d e r a b l e  p o r o s i t y ,  p o s s i b l y  due to  the 
p ro d u c t i o n  of g a s e s  as a r e s u l t  of decom posi t ion  of the  polymer d u r in g  
so ld e r  .
f .  The b e s t  r e s u l t s  were o b t a in e d  w i th  a 3 micron  l a y e r  of g o ld  from an 
a l k a l i n e  cyan ide  b a t h ,  wi ;hout  a n i c k e l  u n d e r l a y e r . The s o l d e r a b i l i t y  
of t h i s  type  of gold d e p o s i t  was poor how ever , t h e  s o l d e r  f a i l i n g  to  
wet the gold  c om ple te ly  i n  s e v e r a l  c a s e s . The r e s u l t s  o b t a in e d  w i th
a 3 micron  l a y e r  of go ld  from a s u l p h i t e  b a t h  were a lmost  as  good 
however,  and the  s o l d e r a b i l i t y  of t h i s  type  of gold p l a t e  was e x c e l l e n t .
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